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Abstract
Lengthening muscle actions differ in many aspects from shortening and isometric
actions. Although a great deal of research has examined mechanical and, to a lesser

extent, the neural characteristics of dynamic muscle actions, still little is known abou
the regulation of muscle force during lengthening and shortening actions. Therefore,
this thesis examined the mechanical and neural aspects of lengthening and shortening

actions of the plantar flexors, and more specifically the triceps surae. All experiments
were conducted on the triceps surae using a custom built ankle torque motor to
accurately control angular displacement, velocity and acceleration during lengthening,
shortening and isometric muscle actions.

Study I investigated the influence of the type and intensity of muscle activation on

tension regulation during isometric and controlled lengthening and shortening actions o
the soleus muscle (SOL). The resultant joint torque-angular velocity relationship was
examined across three angular velocities (±5, ±15, and ±30o-s_1) under three activation
conditions: (i) Maximal Voluntary Activation (MVA); (ii) Submaximal Voluntary
Activation (SVA; equivalent to 30% of maximal voluntary isometric effort); and (iii)
Submaximal Electrical Activation (SEA; equivalent to 30% of maximal voluntary
isometric effort). Normalised joint torques recorded during lengthening muscle actions
at each angular velocity in both the voluntary activation conditions (MVA and SVA)
were not significantly different from the isometric plantar flexion torque. The
lengthening torques produced during the SEA condition, however, were greater than
isometric and increased at faster angular velocities. For shortening muscle actions,
plantar flexion torques during MVA were significantly less than the isometric torque,
viii

but did not decrease with increasing angular velocity, as would be expected based on the

traditional force-velocity relationship. The plantar flexion torque produced during both
SVA and SEA were significantly less than the isometric torque and decreased at faster

angular velocities. These data indicate that the regulation of tension during lengthenin
actions was predominantly influenced by the type of activation, that is, voluntary
activation versus electrical stimulation, whereas, during shortening muscle actions, it

was the intensity of activation, that is, maximal versus submaximal that had the greatest

influence on tension regulation. The discrepancies in lengthening plantar flexion torque
produced under voluntary activation and that produced by electrical stimulation of the
muscle may indicate a neural basis for the regulation of tension during lengthening
muscle actions. However, unusually high levels of antagonist activation were recorded
during the SVA condition and may account for the inhibition of lengthening torque in
the submaximal voluntary condition.

Therefore, Study II was designed to investigate the influence of co-activation of the
antagonist, tibialis anterior (TA), on torque production during submaximal voluntary
activation of SOL. These experiments were performed using the same set-up as in
Study I, however, in this study, joint torque-angular velocity relationships were
generated before and after the blocking of TA activation by applying a local anaesthetic
(Lidocain) to the common peroneal nerve (CPN). There was no significant difference in

normalised plantar flexion torque between pre- and post-block conditions indicating that
co-activation of TA was not a limiting factor to force production during lengthening

muscle actions. Surprisingly, the absolute plantar flexion torque decreased significantl
after blocking activation of the antagonist muscle. It is possible that the anaesthetic
block ofthe CPN disrupted the 'normal' neural processes associated with antagonist and
ix

synergist muscle function during voluntary muscle activation. Although this study did

not quantify the antagonist contribution to plantar flexion torque, it did allude to th
complex neural interactions between antagonist muscles.

Study III used the H-reflex technique to investigate the neural aspects associated with
lengthening and shortening actions of the triceps surae. H-reflexes and M-wave
responses were recorded from SOL and medial gastrocnemius (MG) during isometric
and passive lengthening and shortening muscle actions at three angular velocities (±2,

±5, and ±15°-s~1). Reflex responses were recorded at two stimulation intensities; (i) 50
ofthe maximum H-reflex amplitude (50% Hmax); and (ii) 50% ofthe maximum M-wave
amplitude (50% Mmax), where the M-wave is sensitive to small changes in effective
stimulus intensity. The consistency of M-wave amplitudes at 50% Mmax indicated that
modulations in the H-reflex amplitude were not likely to be due to alterations in the
spatial relationship between the stimulating electrode and the nerve.

At both stimulation intensities, H-reflex amplitudes were significantly depressed durin
passive lengthening actions and slightly facilitated when the muscle was shortening.
There was evidence of velocity specific modulation of the reflex response as H-reflex
amplitudes at the slowest angular velocity was significantly greater than those at the

faster angular velocities during both lengthening and shortening muscle actions. Part o
this modulation can be attributed to spinal mechanisms, as the H-reflex amplitude was
significantly inhibited within a latency of 57 ms from the onset of movement.

X

These findings extend the current knowledge pertaining to the disparities between
lengthening and shortening muscle actions and allude to unique mechanical and neural
characteristics associated with these muscle actions.
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Chapter 1: The Problem

CHAPTER 1: The Problem
1.1 Introduction
Voluntary muscle actions involve a complex sequence of events originating from higher
motor centres and culminating in the interaction of actin and myosin filaments during
activation of a muscle. The force produced during voluntary muscle activation is
influenced by mechanical characteristics of the musculoskeletal system and the
characteristics ofthe neural innervation to the involved muscles. Although many ofthe
mechanical characteristics remain constant for a given muscle, the physiological and
mechanical response to voluntary muscle activation is largely influenced by the type of
muscle action performed. For example, the force produced when the muscle is actively
lengthening5 is greater than that produced during shortening muscle actions, when the
force is recorded at the same muscle length and under the same level of activation.
Furthermore, lengthening muscle actions are associated with greater mechanical and
metabolic efficiency, but are more susceptible to muscle damage when compared to
shortening actions.

As yet, the neural strategies responsible for the production of lengthening and
shortening actions are not fully understood. Although it has been suggested that
lengthening muscle actions are associated with unique neural commands (Enoka, 1996),
there is little scientific evidence to support this notion. The existence of a neural
mechanism limiting complete muscle activation during maximal voluntary lengthening
actions has also been postulated (Perrine & Edgerton, 1978; Westing et al, 1991). The
functional role of this proposed tension-limiting mechanism is thought to be to maintain

§

For the purpose of this thesis, lengthening muscle actions refer to eccentric actions a
muscle actions denote concentric actions.
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force production to within 'safe' levels, thereby protecting against musculoskeletal

injury. Although this is an appealing concept, the existence of a tension-limiting neura
mechanism cannot be established without further investigation of the mechanical and
neural events associated with lengthening and shortening muscle actions. The
relationship between muscle force and the velocity at which the muscle changes length
(the force-velocity relationship) differs for lengthening and shortening actions and
provides a model upon which to examine the differences between these types of muscle
actions.

The inverse relationship between muscle force and the velocity of muscle shortening is a
well established characteristic of muscle physiology, the parameters of which have been
described by Hills' force-velocity equation (Hill, 1938). In essence, the force produced
during shortening muscle actions decreases non-linearly as a function of increasing
velocity and is less than the force produced isometrically. However, the relationship
between lengthening velocity and the corresponding muscle force is less clear. For
isolated animal muscle, the force produced during muscle lengthening is greater than
isometric muscle force and increases at faster lengthening velocities (Abbott & Aubert,
1951; Katz, 1939). In contrast, the torque produced during maximal voluntary
lengthening actions of the human knee extensors generally fails to increase above the
isometric torque and appears to be independent of lengthening velocity (Hageman et al,
1988; Westing & Seger, 1989).

Comparisons between animal and human studies, however, must be interpreted
cautiously. Due to the nature of in vivo experiments, the methodological procedures
used in animal experimentation are not under the same constraints as those imposed
2
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upon h u m a n research. For example, activation of isolated animal muscle has been
achieved by stimulating the nerve innervating the muscle (for example, Baratta et al,
1995) or by directly stimulating the muscle itself (for example, Edman, 1979), thereby
avoiding the complex integration of neural inputs occurring at, and proximal to, the
motoneurone pool at the spinal level. Experiments conducted on humans, however,
have predominantly involved voluntary muscle activation which involves a complex
interaction of neural events involving both sensory and motor pathways.

Although several studies have used transcutaneous electrical stimulation to generate
muscle actions during human experiments, subject discomfort associated with high
intensity electrical stimulation has limited this technique to submaximal intensities
(Dudley et al, 1990; Harris & Dudley, 1994; Seger & Thorstensson, 2000; Westing et
al, 1990). Only one study was identified that used supramaximal transcutaneous
electrical stimulation (Thomas et al, 1987), however, this study only investigated
shortening muscle actions. The results of studies using transcutaneous electrical
stimulation in humans have produced torque-velocity relationships somewhat similar to
the force-velocity relationships of isolated animal muscle for both shortening and
lengthening muscle actions. These findings would suggest that discrepancies between
the force-velocity relationships recorded during animal and human experiments may be
related to the complex neural events associated with voluntary muscle activation.

Experiments performed on animals have an additional benefit of being able to isolate
and examine individual muscles in the absence of the confounding effects of antagonist
and synergist muscles. Furthermore, individual muscle fibres or groups of fibres can be
dissected and examined to determine the force generating characteristics of different
3
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muscle fibre types. Investigations of h u m a n muscle function, however, cannot be

isolated to the same extent and are restricted to less invasive experimental procedures.

Due to the experimental constraints of human experiments it is currently not feasible to

accurately quantify individual muscle force in humans and, consequently, resultant joint
torque is often used as an indication of muscle force (Aagaard et al, 2000a; Kellis &
Baltzopoulos, 1997).

The resultant joint torque is the sum of all torques acting about that joint. Therefore,
activation of antagonist muscles may limit the recorded joint torque and, consequently,
lead to an underestimation of the agonist joint torque. Myoelectric activity has
commonly been used as an indication of the intensity of muscle activation and, hence,
has been used to estimate the contribution of antagonist muscles to the resultant joint
torque (Baratta et al, 1988; Snow et al, 1995; Solomonow et al, 1986). However, this
method is limited by the assumptions of the relationship between electromyographic
activity (EMG) and muscle force (for a review see Dowling, 1997), which has been
established predominantly from isometric muscle actions, as well as the limitations
associated with EMG detection such as cross-talk (see Section 2.4.1.4). A more
accurate assessment of the joint torque-angular velocity relationship of an agonist
muscle group and the torque contribution of its antagonist muscle group may be
obtained when the agonist muscle is isolated from the influences of synergist and
antagonist muscles. Anaesthetic block of a peripheral nerve provides an effective means
of temporarily removing the transmission of neural signals pertaining to both sensory
and motor functions of a muscle, or group of muscles, innervated by that nerve.

Chapter 1: The Problem

A s mentioned previously, muscle force is influenced by characteristics of the neural
innervation as well as mechanical characteristics of the musculoskeletal system. The
Hoffmann reflex (H-reflex) is the muscle response elicited by stimulation of afferent

fibres within mixed peripheral nerves and follows a similar pathway as the stretch reflex
(see Section 2.5.3). The H-reflex was long thought of as a means to assess the neural
events associated with the stretch reflex pathway, including muscle spindle sensitivity
and motoneurone excitability. However, it is now well established that the H-reflex is

not merely the artificial equivalent of the stretch reflex as the afferent volley induced
the H-reflex technique is likely to activate smaller diameter sensory nerve fibres in
addition to the large diameter muscle spindle afferents, and the input volleys onto the
motoneurone pool are less dispersed than the afferent input originating from the
activation of muscle spindles (Burke et al, 1984). Furthermore, as the H-reflex is
elicited by stimulation of la-afferent fibres at a level proximal to the muscle spindle,
reflex is independent of gamma drive to the intrafusal muscle fibres and, hence, to
muscle spindle sensitivity. Investigation of H-reflex responses, however, can provide
useful information regarding the neural events occurring during lengthening and
shortening muscle actions.

It has been argued that modulation of the H-reflex during dynamic activities reflects
changes in neural commands brought about to suit the functional demands of the task.
For example, Capaday & Stein (1986) reported an increase in soleus (SOL) H-reflex
amplitude late in the stance phase of the gait cycle, when the triceps surae is active to
propel the body forward, and an absence ofthe reflex during the swing phase, when the
foot is dorsiflexed and SOL activation would hinder movement. Similar task dependent
changes in H-reflex amplitude have been reported during active and passive stepping
5
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and cycling movements (Brooke et al, 1995a; Cheng et al, 1995; Misiaszek et al,
1995a). However, there is considerable debate as to the neural pathways responsible for
these changes. The Capaday group proposed a supraspinal origin for the motor
commands that regulate H-reflex amplitude, whereas Brooke and colleagues provided
strong evidence for peripheral modulation via an afferent feedback mechanism. The
complexities of the involved motor control strategies and the sensitivity of reflex
experiments to methodological procedures may contribute to the inconsistent
interpretation of these findings.

Several factors are known to alter H-reflex amplitude including the background level of
activation (Butler et al, 1993), muscle length (Gerilovsky et al, 1989), movement
velocity (Romano & Schieppati, 1987), activation history (Gregory et al, 1998; Proske
et al, 1993), and muscle composition (Messina & Cotrufo, 1976). These factors must
be accounted for, or at least acknowledged, when interpreting the magnitude of H-reflex
modulation. Therefore, investigation of H-reflex modulation under tightly controlled
experimental procedures is necessary to determine the influence of muscle action type,

angular velocity and activation history on transmission of sensory information along the
stretch reflex pathway.

Investigating the mechanical and neural characteristics associated with lengthening and
shortening muscle actions will further elucidate the nature of force production during
dynamic muscle actions. The force-velocity relationship of skeletal muscle provides a
model with which to examine the tension-limiting neural mechanism that is proposed to
be present during lengthening muscle actions. A greater understanding of this
mechanism may help elucidate the mechanisms associated with exercise induced muscle
6
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damage. O f particular relevance are muscle strain injuries, one ofthe most frequent soft

tissue injuries that typically occur when forceful muscle actions are combined with rap
muscle lengthening.

1.2

Statement of the Problem

Although extensive research has examined mechanical and, to a lesser extent, the neural

characteristics of dynamic muscle actions, little is known about the regulation of muscl

force during lengthening and shortening actions. Therefore, the aims of this thesis were
to investigate possible tension regulating mechanisms within the muscle and the
influence of muscle action type and activation history on H-reflex modulation during
lengthening and shortening muscle actions. To achieve these aims, three studies were
conducted to examine:
1) Tension regulation during controlled lengthening and shortening actions of
the human soleus muscle (Chapter 3).
The influence of activation condition on tension regulation was investigated
using the joint torque-angular velocity relationship of human skeletal muscle.
Three conditions were employed: (i) Maximal Voluntary Activation (MVA); (ii)
Submaximal Voluntary Activation (SVA); and (iii) Submaximal Electrical
Activation (SEA). These three conditions allowed comparisons to be made
between the influence of activation intensity (MVA versus SVA) and the way in
which the muscle was activated (SVA versus SEA) on torque production during
controlled, dynamic actions.
2) Is antagonist co-activation a tension-limiting mechanism during lengthening
muscle actions? (Chapter 4).
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This study investigated the influence of the antagonist muscle (TA) on plantar
flexor torque production during controlled lengthening and shortening of SOL.
The joint torque-angular velocity relationship was recorded, under SVA, before
and after temporary block of TA activation by an anaesthetic applied to the
common peroneal nerve (CPN). Comparisons of the joint torque-angular
velocity relationship before and after blocking antagonist innervation enabled a
more accurate calculation of the force-velocity characteristics of an isolated,
intact human muscle.
3) H-reflex modulation during controlled lengthening and shortening actions
of the human triceps surae (Chapter 5).
This study investigated the influences of muscle action type and angular velocity
on reflex modulation during controlled lengthening and shortening of the triceps
surae. The time-course of reflex modulation was examined in an attempt to
determine the extent to which central and/or peripheral mechanisms contributed
to reflex modulation during these types of muscle actions.
Specific hypotheses for each study are listed in the relevant chapters.

1.3

Significance of the Studies

Examining the mechanical and neural characteristics associated with lengthening and
shortening muscle actions will provide insight into the regulation of force production
during dynamic muscle actions. These studies will advance the current understanding of
the proposed tension-limiting mechanism that may exist during lengthening muscle
actions. This information will provide a better understanding of the nature of
lengthening muscle actions and may provide insight into the mechanisms of muscle
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strain injuries, as these injuries are often associated with strong, forceful contractions
during rapid muscle lengthening.

1.4 Limitations and Delimitations
1.4.1 Limitations
1. Dynamic muscle actions performed in each study were limited to single joint
movements performed at constant velocities on an ankle torque motor. The
constraints enabled comparisons to be made between muscle action type (that is,
lengthening versus shortening) while accounting for the confounding factors
associated with unrestrained movements. Although this type of constrained
movement does not generally occur during daily activities, implications from
these results are still considered relevant to the performance of functional tasks.
2. In Study III the latency from movement onset to H-reflex stimulation was altered
by adjusting the velocity at which the movements were performed in order to
assess possible spinal/peripheral and higher motor contributions to H-reflex
modulation. The alteration of stimulation latency can also be adjusted by
altering the angular displacement while maintaining constant angular velocity.
However, the minimum ankle displacement permitted by the isokinetic ankle
torque motor used in this study was 1°. Therefore, it was not possible to make
the fine adjustments to the ankle angle that would be necessary to achieve the
appropriate stimulation latencies at an angular velocity slow enough to ensure
accurate assessment ofthe H-reflex.

9
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Delimitations

1. Muscle strain injuries are often associated with rapid muscle lengthening
(see Section 2.2). However, due to the experimental procedures employed in
these studies, lengthening and shortening actions were restricted to slow
angular velocities (<30o-s_1). During pilot experiments it was determined
that it was not possible for subjects to consistently maintain a constant level
of SOL EMG root mean square (RMS) at velocities greater than ±30°-s"\
Therefore, the angular velocities used in Study I and Study II were chosen to
provide a suitable range within this limit. In Study III, the maximum angular
velocity was also restricted to ±30°-s"1 in an attempt to avoid alteration to the
spatial relationship between the stimulating electrode and the nerve, which
may potentially influence the resultant H-reflex amplitude.

2. Although muscle strain injuries are more common in bi-articular muscles
and muscles with a high proportion of Type II muscle fibres (see Section
2.2), the experiments in this thesis focused predominantly on the SOL, a
uni-articular muscle consisting predominantly of Type I muscle fibres
(Wickiewicz et al, 1984). The SOL muscle was chosen due to the ability to
predominantly isolate the contribution of SOL to plantar flexion torque and
the ability to elicit H-reflexes in this muscle. In Study III H-reflex responses
were also recorded in the medial gastrocnemius (MG), a bi-articular muscle
with a greater proportion of Type II fibres than SOL, enabling comparisons
to be made between functionally different plantar flexor muscles.

Chapter 2: Literature Review

C H A P T E R 2: Literature Review
2.1 Introduction
Lengthening muscle actions differ in many aspects from shortening and isometric
actions. Muscle lengthening is associated with greater maximal force and greater force
output for a given level of muscle activation, as well as greater mechanical and
metabolic efficiency (for a review of lengthening muscle actions see Stauber, 1989).
The greater mechanical efficiency of lengthening muscle actions is associated with
increased muscle damage and delayed onset muscle soreness (Friden et al, 1983).
Although a great deal of research has examined the mechanical and, to a lesser extent,
the neural characteristics of dynamic muscle actions, little is k n o w n about the regulation
of muscle force during lengthening and shortening actions. Comparisons between
lengthening, shortening and isometric muscle actions m a y help elucidate the neural
events associated with muscle lengthening and provide insight into the mechanisms of
muscle damage. Before making these comparisons experimentally, this chapter will
review the relevant literature pertaining to the following topics:
1) muscle damage;
2) tension regulation in h u m a n skeletal muscle;
3) co-activation of antagonist muscles; and
4) reflex modulation during lengthening muscle actions.

2.2 Muscle Damage
Substantial evidence exists indicating muscle damage is more likely to occur following
lengthening muscle actions compared to shortening or isometric actions (Clarkson &
Tremblay, 1988; Stauber, 1989; Tesch et al, 1990a). This damage is usually associated
11
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with increased muscle pain (Stauber, 1989), greater decrements in maximal force (Tesch
et al, 1990a), as well as histological and biochemical markers of injury (Evans et al,
1983; Friden et al, 1983; Jones et al, 1986; Lieber et al, 1991; Wood et al, 1993).
Although the precise mechanisms of muscle strain injury are still unknown, studies

examining factors associated with muscle injuries sustained during functional activities
and those investigating experimentally induced muscle damage provide some insight
into potential mechanisms of muscle damage resulting from lengthening muscle actions.
These factors will be discussed in the following sections.

2.2.1 Muscle Strain Injury
Muscle strain injuries are one of the most prevalent injuries sustained by athletes and
often occur when forceful contractions are combined with rapid muscle lengthening
(Burry, 1975; Garrett, 1990; Seward et al, 1993). These injuries have a high recurrence
rate, cause considerable time lost from sport and/or work and are associated with pain
and impaired performance when resuming physical activity (Speer et al, 1993).
Consequently, the impact of musculotendinous injuries on work related physical
performance may place a high economic burden on many labour based industries
(National Occupational Health & Safety Commission, 2000).

Muscle strain injuries usually occur when strong, forceful muscle actions are combined
with rapid muscle lengthening (McCully & Faulkner, 1985). Therefore, eccentric, or
lengthening, muscle actions are frequently associated with muscle strain injuries.
Although the exact mechanisms of muscle strain injuries are not well understood, recent
interest in lengthening muscle actions has revealed several factors associated with
muscle strain injuries.
12 .
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Bi-articular muscles, by definition, span two joints and, therefore, must undergo a large
change in muscle length to permit a full range of motion (ROM) at each joint. In fact, it
is often when bi-articular muscles are simultaneously lengthened across both joints that
muscle strain injury occurs (Garrett, 1990). Such situations arise frequently to
decelerate segmental motion when approaching the end ROM at one or both joints. For
example, during sprint running the bi-articular hamstring muscles, one of the most
frequently strained muscle groups (Garrett et al, 1984; Worrell, 1994), act to decelerate
the shank and thigh segments in the late swing phase of the stride cycle (Stanton &
Purdam, 1989). Such an action would require these muscles to absorb a large amount of
energy as they are lengthened across both joints, thereby increasing the susceptibility to
a muscle strain injury (Garrett, 1990), particularly when rapid, forceful muscle actions
are involved.

Many bi-articular muscles that are prone to muscle strain injuries, such as the hamstring
and gastrocnemius muscles, contain a relatively high proportion of fast-twitch/Type II
muscle fibres (Garrett et al, 1984). Although muscle fibre types differ in physiological,
metabolic and ultra-structural characteristics, an extensive review of these factors is
beyond the scope of this thesis (for more information see Green, 1986). A finding of
note, however, is the positive correlation between peak muscle force and the percentage
of fast-twitch fibres, particularly during high velocity movements (Thorstensson et al,
1976). The greater force generating capacity of muscles with a high proportion of Type

II fibres may increase their susceptibility to muscle strain injuries (Garrett et al, 1984).
Additionally, muscles with a high proportion of fast-twitch fibres are more susceptible
to fatigue during high velocity maximal voluntary contractions than muscles with a
predominance of slow twitch fibre types (Thorstensson, 1976). Their susceptibility to
13
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fatigue m a y partly explain w h y Type II fibres are damaged to a greater extent than Type
I muscle fibres during contraction induced injury.

2.2.2 Contraction5 Induced Muscle Injury
Substantial evidence indicating preferential damage to Type II muscle fibres has been
reported in human muscle (Friden et al, 1983; Friden et al, 1988) as well as in animal
experiments including rabbit (Lieber et al, 1991), cat (Brockett et al, 2001), mice
(Warren et al, 1994), rat (Kovanen et al, 1984a; Kovanen et al, 1984b) and carp
muscle (Spierts et al, 1997). The preferential damage to Type II fibres may be
associated with characteristics ofthe connective tissue surrounding these fibres. Type II
fibres reportedly contain a lower concentration of collagen than Type I fibres (Kovanen
et al, 1984b), a finding which may explain the weaker tensile strength found in rectus
femoris (RF; predominantly Type II fibres) compared to SOL (predominantly Type I
fibres) in rats (Kovanen et al, 1984a).

Horowits (1992) reported a smaller and less compliant isoform of titin in the rabbit
psoas muscle fibres (predominantly Type II fibres) compared to SOL. Titin, a structural
protein anchoring thick myosin filaments to the Z-disc at the end of a sarcomere, is
important for maintaining sarcomere integrity (Horowits, 1992). Therefore, smaller titin

proteins and less connective tissue, as reported for Type II fibres, are likely to contribu
to the greater mechanical disruption of structural elements, such as Z-band streaming,
following contraction induced injury. Interestingly, similar fibre type specific
expression of titin isoforms has been reported in carp (Cyprinus carpio L.) muscle

§

For the purpose of this thesis contraction induced injury will refer to experimentally ev
damage, usually induced by active lengthening ofthe muscle.
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(Spierts et al, 1997). According to Spierts et al. (1997), the molecular mass of titin in
carp muscle was larger in red muscle fibres (equivalent to Type I fibres in humans)
when compared to white muscle fibres (equivalent to Type II fibres in humans).
However, the authors suggested that sarcomere strain was one of the main mechanisms
influencing the expression of titin isoforms in carp muscle.

Warren et al. (1994) reported similar preferential damage to the 'fast' extensor
digitorum longus (EDL) muscle of mice, a muscle that contains a high proportion of
fast-twitch glycolytic fibres (FG; 42%), compared to the 'slow' SOL muscle (0% FG).
This finding was revealed by significant decrements in maximal isometric tetanic force
and a large release of lactate dehydrogenase (LDH) following 15 maximal lengthening
actions for EDL, while SOL was largely unaffected. However, as these muscles differ
in their functional characteristics as well as in their muscle fibre composition, it was
unclear whether these findings were related to the mechanical properties of individual
muscle fibres and their recruitment during lengthening actions, or to the difference in
contractile loading commonly experienced by these muscles.

Although still a controversial issue, there is evidence to support the theory of

preferential activation of high threshold motor units (fast-twitch, Type II fibres) during
lengthening actions (Nardone & Schieppati, 1988). If high threshold motor units are
activated in preference to lower threshold units, one may speculate that, during
lengthening actions, Type II fibres contribute a greater proportion of muscle force than
Type I fibres. Given their weaker structural elements, 'fast' muscles with a higher
percentage of Type II fibres may thereby experience greater structural damage than
muscles with a higher proportion of Type I fibres. It must be acknowledged, however,
15
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that although the preferential activation of high threshold motor units has been proposed
during lengthening actions (Nardone & Schieppati, 1988), similar experiments
investigating motor unit recruitment during functional activities have failed to find
evidence of a reversal of recruitment order (Jones et al, 1994; Stotz & Bawa, 2001).

Following eccentric cycling exercise in untrained subjects, Friden et al. (1983) reported
ultra-structural disturbances including Z-band streaming and myofibrillar damage in
knee extensor muscles. This damage predominantly affected Type II muscle fibres and

was still evident in some fibres 10 days after the exercise session. Similar findings have
been reported by Lieber et al. (1991) who found histological and ultra-structural
evidence of preferential damage to Type II fibres following 30 min of repeated
submaximal eccentric contractions of the rabbit tibialis anterior (TA). The authors
hypothesised that Type II and FG fibres were fatigued early in the exercise and became
stiffer due to the inability to regenerate adenosine triphosphate (ATP). Stretching of
these stiff fibres may cause mechanical disturbances and non-uniform sarcomere
lengthening (Wood et al, 1993), leading to the observed ultra-structural damage.

The role of non-uniform sarcomere lengthening in the development of contraction
induced injury has been examined experimentally (Brockett et al, 2001; Macpherson et
al, 1997; Talbot & Morgan, 1996) and is discussed in relation to Morgan's model of
active muscle lengthening (Morgan, 1990). This model is based on the assumption that
the descending limb of the isometric length-tension curve implies instability of
individual sarcomeres. When a sarcomere is working on the descending limb of its

length-tension curve, additional increases in length will reduce the availability of cross
bridge interaction and, consequently, further reduce the active tension in that sarcomere
16
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adding to sarcomere instability. A point will be reached w h e n the weakest sarcomere
can no longer produce the required tension at any angular velocity and will subsequently
lengthen in an uncontrolled manner, termed 'popping' by Morgan (1990).

It is the 'popping' of sarcomeres that Morgan believes is the mechanism behind
contraction induced injury, with repeated lengthening resulting in an accumulation of
disrupted sarcomeres with the additional load being imposed on the next weakest
sarcomere (Morgan, 1990). Subsequently, this increased load may lead to tearing ofthe
sarcomere and damage to the sarcoplasmic reticulum or sarcolemma, and destruction of
the muscle fibre associated with intracellular calcium release. Interestingly, the forcevelocity relationship of isolated animal muscle (see Section 2.3.2) is considered to
provide damping of this sarcomere instability as the increase in muscle force at faster
lengthening velocities can offset the decrease in force due to the length-tension
relationship. It should be noted, however, that this damping is limited to the extent to
which muscle force increases with increasing lengthening velocity in these animal
muscles.

This theory of contraction-induced injury would suggest that muscle damage is not fibre
type specific, but is predominantly influenced by the length of the muscle fibre.
Macpherson et al. (1997) investigated the influence of sarcomere length on contractioninduced injury in the rat SOL muscle. Single muscle fibres were stretched (40% strain)
so that all sarcomeres were operating on the descending limb of their length-tension
curves. Sarcomere lengthening, however, was non-uniform. Examination of the
damaged fibres revealed that the greatest damage occurred to those sarcomeres with the
longest length prior to stretch. Therefore, the well-documented preferential damage to
17
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Type II musclefibresm a y be a reflection of their length rather than, or as well as, their

connective tissue characteristics. Indeed, Ounjian et al. (1991) identified differences in
muscle fibre lengths between motor unit types in cat TA muscle. Although the muscle
fibre lengths of slow and fatigue resistant motor units were similar (range: 35.9 to 45.5

mm), the length of fibres in fast fatigable motor units displayed much greater variability
(range: 8.8 to 48.5 mm). The difference in fibre length between these motor units
suggests that muscle fibres associated with fast fatigable motor units are more likely to
be working on their descending limb during lengthening muscle actions when compared
to the fibres of slow and fatigue resistant motor units. The findings may account for the
preferential damage to Type II muscle fibres that has been so well documented (Brockett
et al, 2001; Macpherson et al, 1997; Talbot & Morgan, 1996).

Although the exact mechanisms of contraction-induced injury are still unknown, there
are clearly a number of predisposing factors to muscle strain injury. Muscles that span
more than one joint are often exposed to large changes in muscle length and are required
to absorb considerable amounts of energy, particularly when decelerating body segments
near their end ROM. These muscles are also likely to contain a relatively high
proportion of fast-twitch, Type II muscle fibres, which are crucial in developing rapid,
forceful movements. The weaker structural components of Type II muscle fibres may
account for the increased damage experienced by muscles containing a high proportion
of these fibres, particularly in muscles that are not typically exposed to lengthening
muscle actions. However, regardless ofthe characteristics of individual muscle fibres, it
is clear that high muscle forces combined with fast lengthening muscle actions are
involved in the development of muscle strain injuries. Therefore, the following section
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will review the current literature pertaining to tension regulation of h u m a n muscle,
particularly in relation to movement velocity.

2.3 Tension Regulation in Human Skeletal Muscle
As mentioned previously, performing even the simplest of movements involves a
complex sequence of events originating from higher motor centres and culminating in
the formation of cross-bridges at the sarcomere level. The resultant muscle force
depends upon events occurring along this pathway as well as the mechanical properties
of the muscle itself. A detailed review of all these factors is beyond the scope of this
thesis. However, several of these variables are important in the regulation of muscle
tension and will be discussed in the following pages.

2.3.1 The Force-Velocity Relationship
The force-velocity relationship is one of the fundamental concepts of muscle
physiology. Research that led to the establishment of this relationship can be traced
back to the work of Laulanie (1905, cited in Hill, 1970) who investigated the influence
of speed on movement efficiency in humans. While conducting a series of experiments
that demonstrated the inverse relation between the rate of energy liberation and external
force production from tetanised muscle, Hill (1938) derived the following equation
relating the speed of muscle shortening and external muscle force:

v = b(Po-P)/(P + a) Equation 2.1

Where: v = speed of muscle shortening
P = external muscle force
P0 = maximal isometric force
a = the additional heat liberated during shortening
b = the increase in rate of energy production (Hill, 1938).
19
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This equation describes the inverse force-velocity relationship and takes the form of a

rectangular hyperbola (see Figure 2.1). From Equation 2.1 it can be seen that maxi

shortening velocity is attained with no external load or force (that is P = 0) and

muscle force can be attained in an isometric muscle action, that is, at zero veloc
i
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Figure 2.1 The force-velocity relationship of isolated animal muscle during
shortening muscle actions (modified from Hill, 1938, p. 177).

2.3.2 The In Vitro Force-Velocity Relationship

Early research into the force-velocity relationship was conducted predominantly o
isolated animal muscle in which muscle activation was induced via electrical

stimulation. Briefly, the procedure involved stimulation of isolated muscle to a p

determined isometric tension while held at a fixed muscle length, and then recordi
maximal velocity at which the muscle shortened once released. Similar procedures

been employed to investigate the force-velocity relationship in a variety of anim
muscles (Abbott & Aubert, 1951; Baratta et al, 1995; Edman, 1979; Edman et al,
1997). Although numerous equations have been formulated to describe the force-

velocity relationship (Fenn & Marsh, 1935), the appeal of the Hill equation is the
relative simplicity and convenience of its terms. This equation has been shown to
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mechanical data of a variety of animal muscles, with varying values for constants a and
b, depending on the functional characteristics of the animal and of the muscle itself
(Hill, 1970).

The fit ofthe Hill equation to experimental data appears to be quite good at intermediate
velocities. However, deviations from the predicted values have been shown to occur at
the extremes, that is, as angular velocity approaches zero, and toward the maximal
shortening velocity (Edman et al, 1976). Furthermore, for forces greater than the
isometric maximum force, that is, when the muscle is being lengthened, the velocity of
lengthening predicted by the Hill equation was reportedly greater than that measured at
a given muscle force (Katz, 1939).

Deviations from the typical hyperbolic force-velocity relationship have also been noted
in both individual muscle fibres and in bundles of fibres from frog muscle (Edman et
al, 1976). These deviations occurred primarily at slow velocities and were associated
with large muscles forces. The recorded velocities following release from loads in
excess of 0.78 PQ were less than those predicted by the Hill equation and the calculated
value for P0 was 32% greater than the recorded value. Edman (1988) characterised this
as a biphasic relationship having a breakpoint at approximately 80% of peak tetanic
tension that occurred at about 11% of maximal shortening velocity. This biphasic forcevelocity relationship has been fitted well by a modified version of Hill's (1938)
hyperbolic equation containing a correction term to account for the low force values
recorded above the break point (Edman, 1988).
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The functional significance of this biphasic relationship m a y be evident when
considering the mechanical stability of muscle fibres (Edman, 1988). Edman et al
(1997) conducted a series of experiments to determine whether the biphasic nature of
this relationship was related to either the velocity of shortening or the muscle fibre
force. The force-velocity relationship of the frog TA was determined by measuring the
velocity of shortening following release from a range of tetanic force levels. The
contribution of muscle force to the biphasic relationship was investigated by adding
dantrolene sodium to the Ringer solution, which is known to reduce calcium release
from the sarcoplasmic reticulum (Edman et al, 1997). The dantrolene solution reduced
the maximum tetanic tension of the muscle fibres to 83% of control values but had
virtually no influence on the relative tension level or shortening velocity at which the
breakpoint occurred (Edman et al, 1997). Based on this data the authors concluded that
the location of the breakpoint in the biphasic force-velocity relationship was not a
function of muscle force but was more likely to be influenced by movement velocity.

The limited volume of research conducted on the lengthening force-velocity relationship
was initially due, in part, to methodological constraints associated with investigating
lengthening muscle actions (Hill, 1938). As with shortening muscle actions, the forcevelocity relationship during lengthening was first investigated by electrical stimulation
of isolated animal muscle. Katz (1939) examined the lengthening force-velocity
relationship ofthe frog sartorius muscle by recording the velocity of muscle lengthening
after loading the muscle at forces up to 180% greater than the maximal isometric tetanic
force. The recorded velocities were considerably slower than those predicted by Hill's
constants, a and b, derived from the shortening actions ofthe same muscles (see Figure
2.2). Similar findings have been reported for electrically stimulated frog and toad
22
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muscle during slow stretching (Abbott & Aubert, 1951). These studies indicate that the
lengthening force-velocity relationship is not merely an extension of the curve derived
from shortening muscle actions at forces greater than the isometric value.
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Figure 2.2 T h e force-velocity relationship of isolated animal muscle during
lengthening and shortening actions.
In the top graph resultant shortening velocity of a single muscle fibre (vertical axis) is
plotted against relative force. Velocity increases as the force is reduced and the greatest
force corresponds to zero shortening velocity. During whole muscle lengthening (lower
graph) the resultant velocity (open circles) is slower than that predicted by extrapolation
of the shortening force-velocity curve (dotted lines bottom graph; modified from
Gordon, 1982).

The relationship between muscle force and movement velocity has also been
investigated with the muscle force as the dependent variable, that is, recording the force
produced across a range of constant velocities. This approach was employed in an
impressive experiment described in Hill (1970) using a Levin-Wyman ergometer to
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maintain constant velocity after release from a long muscle length and recording the
resultant muscle tension. Again the experimental data were fitted to the characteristic
Hill equation for all points except those at very low tension levels. These low levels of
tension were associated with shortening velocities that were faster than those predicted
by the Hill equation, a finding that was attributed to a heterogeneous muscle fibre
population.

2.3.3 The In Vivo Force-Velocity Relationship
Although the pioneering work on the force-velocity relationship was conducted,
predominantly, on isolated animal muscle, the force-velocity characteristics of human
skeletal muscle have also been examined (Dern et al, 1947; Wilkie, 1950). Wilkie
(1950) recorded the maximum shortening velocity ofthe forearm flexor muscles while
subjects moved an isotonic lever loaded with various weights. The authors reported
that, for a given load, the shortening velocity of the elbow flexors was consistent with
that predicted by the characteristic Hill equation only for muscle forces greater than 0.3
PQ. At forces below this level, however, shortening velocities were less than that
predicted by Hill's force-velocity equation. Although muscle force was not directly
measured, the difference between the predicted and the measured shortening velocities
was apparently accounted for by the inertia associated with the experimental apparatus
(Wilkie, 1950).

The force-velocity relationship of human muscle became easier to quantify with the
advent ofthe isokinetic dynamometer. These dynamometers enable the experimenter to
record the resultant torque while moving the joint through its ROM at a predetermined
angular velocity. The in vivo relationship between muscle force and linear velocity is
24
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often inferred from measurements of angle specific or peak joint torques recorded at
various angular velocities. However, the interpretation of this data must be made with

caution as recent evidence suggests that, despite maintaining a constant angular velocity,
the velocity of muscle length changes may vary throughout the range of motion
(Ichinose et al, 2000). Furthermore, the net joint torque is the sum of all moments
acting about the joint and, therefore, is subject to the influence of synergist and
antagonist muscle moments. The difficulty in interpreting the results from joint torqueangular velocity data, in terms of the force-velocity relationship, is further confounded
by the fact that muscle moments are determined not only by the force produced by the
muscle but also by the individual moment arms of the tendons. As indicated by
Maganaris et al. (1998a, 1999), moment arms may vary by up to 33% depending on the
joint angle and level of muscle activation.

The joint torque-angular velocity relationship has been most widely examined in the
knee extensor muscles (Dudley et al, 1990; Harris & Dudley, 1994; Perrine &
Edgerton, 1978; Taylor et al., 1991; Thorstensson et al, 1976). This relationship has
also been examined, although to a lesser extent, for other muscles such as the plantar
flexors (Bobbert & van Ingen Schenau, 1990; Fugl-Meyer et al, 1980; Gerdle &
Langstrom, 1987), the elbow flexors (Hortobagyi & Katch, 1990a; Komi, 1973; Martin
et al, 1995; Pousson et al, 1999) and the adductor pollicis muscle (De Ruiter et al,
1999).

Most experiments investigating the force-velocity relationship for shortening muscle

actions report a curve similar to that described by the Hill equation. However, similar to
data reported for in vitro animal studies, deviations from the predicted values have been
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reported for high tension conditions as the velocity of shortening approaches zero
(Harris & Dudley, 1994; Perrine & Edgerton, 1978; Taylor et al, 1991). Perrine &
Edgerton (1978) recorded maximum voluntary knee extensor torque at angular
velocities between 0 and 2880-s_1 for 15 male and female subjects of varying physical
condition. For angular velocities slower than 144°-s"1, angle specific torque
measurements were considerably less than the predicted values based on the muscle
force recorded from maximally stimulated animal muscle at comparable velocities (Hill,
1970; see Figure 2.3). In fact, for most subjects, the maximum knee extension torque
was recorded at a shortening velocity of 96°-s"1, not in the isometric condition, as would
be expected based on the traditional force-velocity relationship.
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Figure 2.3 The joint torque-angular velocity relationship of the human knee
extensors and an isolated animal muscle.
The force-velocity relationship of maximal voluntary knee extensor torque (filled
circles) deviates from that of isolated animal muscle (open circles) at slower shortening
velocities (modified from Perrine & Edgerton, 1978, p. 165).
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A s the torque recordings plateaued in the high force-slow velocity region of the curve,
the authors postulated the existence of a tension-limiting mechanism to maintain in vivo
muscle forces to within safe levels during slow velocity shortening actions. Similar
lower-than-expected maximal voluntary knee extensor torques have been recorded at
slow velocities by other investigators, although the isometric knee extensor torque was
always greater than the torque recorded during shortening muscle actions (Amiridis et
al, 1996; Dudley et al, 1990; Seger & Thorstensson, 2000).

As indicated by in vitro experiments on isolated animal muscle, the force-velocity
relationship for lengthening muscle actions is also poorly predicted by traditional forcevelocity equations derived from animal experiments (Abbott & Aubert, 1951; Katz,
1939). The advent of isokinetic dynamometers with the capability of maintaining
constant angular velocity during muscle lengthening has led to an escalation in the
volume of research investigating the in vivo joint torque-angular velocity relationship
during lengthening muscle actions in humans.

Although the force recorded during lengthening actions in isolated animal muscle has
been shown to exceed, by up to 1.8 times, the maximal isometric tetanic force (Katz,
1939), the joint torque recorded during controlled maximal voluntary lengthening
actions in humans generally fails to increase above the isometric torque, regardless of
lengthening velocity (Aagaard et al, 1995; Aagaard et al, 1996; Dudley et al, 1990;
Hageman et al, 1988; Seger & Thorstensson, 2000; Westing & Seger, 1989). Westing
et al. (1988; 1989) and Seger & Thorstensson (2000) have examined the force-velocity
relationship of a variety of gender and age discriminated populations. These
experiments were conducted on a custom-built isokinetic dynamometer specific to the
27

Chapter 2: Literature Review

knee extensor and flexor muscles. Lengthening and shortening knee extensor torques
were typically quantified across a range of angular velocities from 0 up to 360°-s"1.
Myoelectric activity ofthe knee extensors, as well as the antagonist knee flexor muscles,
was often recorded throughout the movements. Based on these experiments, the general
consensus for this muscle group is that maximal voluntary knee extensor torque during
lengthening actions is not significantly different from the isometric torque and is
independent of lengthening velocity (Aagaard et al., 1995; Aagaard et al, 1996; Dudley
et al, 1990; Hageman et al, 1988; Seger & Thorstensson, 2000; Westing & Seger,
1989).

A different force-velocity relationship, however, has been reported for the elbow flexor
muscles (Komi, 1973; Pousson et al, 1999). Komi (1973) examined the force-velocity
relationship for the forearm flexor muscles using one of the first dynamometers capable
of maintaining 'constant' velocity during lengthening and shortening actions. Although
the recordings were made during angular motion, results were presented in the linear
form of muscle tension (kg) versus rate of change in muscle length (cm-s-1), with the
force data calculated as the mean force recorded during the mid-portion of the
movement (Komi, 1973). Despite the difference in presentation, the recorded data
revealed some typical aspects of the force-velocity relationship. At faster movement
velocities, lengthening forces increased whereas the forces recorded during shortening
actions decreased. Although not elaborated on by the author, closer inspection of the
data reveals a flattening of the force-velocity curve at slower velocities. The absence of
data for maximal voluntary isometric efforts limits interpretation about the forcevelocity relationship of the forearm flexors that can be made particularly as movement
velocity approaches zero. Myoelectric activity of the biceps brachii, brachioradialis and
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triceps brachii was also recorded throughout the movement. M a x i m u m integrated E M G
for these muscles displayed little variation across velocities for either lengthening or
shortening muscle actions. Furthermore, the antagonist, triceps brachii, appeared to
display very little activity in each condition and is unlikely to have influenced the
resultant force-velocity relationship of the elbow flexors (literature pertaining to
antagonist activation is presented in Section 2.4).

The discrepancies between the force-velocity relationships reported for the forearm
flexors in the study of Komi (1973) and that for the knee extensors (Aagaard et al,
1995; Aagaard et al, 1996; Dudley et al, 1990; Hageman et al, 1988; Seger &
Thorstensson, 2000; Westing & Seger, 1989) may be related to the different
methodological procedures employed in the various studies. For example, in the study
of Komi (1973), subjects were required to develop a maximal voluntary isometric
contraction before the onset of movement and attempt to maintain this activation
throughout the range of motion. This technique may be beneficial at fast velocities
when the muscle has a limited time to develop the required tension. However, at slow
velocities, the increased duration of maximal muscle activation required by this
technique may induce fatigue effects that could potentially influence the resultant torque
output. The joint torque-angular velocity relationship may also be influenced by other
factors such as the level of muscle activation, the strength and training history of the
subject, and the way in which the muscle is activated. The influence of these factors on
the force-velocity relationship will be discussed in the following sections.
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2.3.4

Muscle Activation During a M a x i m a l Voluntary Effort

Support for the existence of a tension-limiting neural mechanism may be found when
comparing the level of voluntary muscle activation across velocities during lengthening,
shortening and isometric actions. Bigland & Lippold (1954) were among the first to
investigate the influence of both force and velocity on the intensity of muscle activation.
Surface electrodes placed over the triceps surae recorded myoelectric activity during
rhythmical isotonic plantar flexion efforts that involved raising a load (shortening
plantar flexor effort) and lowering a load (lengthening plantar flexor effort).
Movements were performed with either a constant velocity while moving various loads
ranging from 0 to 500 kg (calculated Achilles tendon force), or with a constant load
moving at different velocities between 0.1 and 1.0 rad-s" (approximately 6 to 60°-s"1).
Myoelectric activity was found to increase linearly with increasing load during both
shortening and lengthening plantar flexor efforts, although the slope of the relation was
steeper during shortening actions (Bigland & Lippold, 1954). Under the constant load
condition in which the velocity was systematically varied, the magnitude of activation
increased linearly with velocity during shortening actions but remained independent of
velocity for lengthening plantar flexor efforts. Interestingly, the authors noted distinct
characteristics of the raw EMG traces, with lengthening actions displaying potentials
with large amplitudes spaced at regularly large intervals corresponding to approximately
8 to 10 Hz. A similar characteristic has been reported by Aagaard et al. (2000b) for the
knee extensors during maximal voluntary lengthening actions and may reflect a different
recruitment pattern during these muscle actions. Unique neural commands for
lengthening muscle actions is still a contentious issue, and readers are referred to Enoka
(1996) for a discussion of this topic.
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The relation between activation intensity and movement velocity holds true for maximal
voluntary knee extensor efforts. Numerous authors have reported significantly greater
activation at faster velocities of shortening when compared to lengthening and slow
shortening actions (Aagaard et al, 2000b; Amiridis et al, 1996; Westing et al, 1991).

The fact that variations in activation intensity occur in spite of maximal voluntary effort
was taken to indicate the inability to fully activate all motor units within a muscle
(Westing et al, 1991). Therefore, variations in joint torque recorded at different
shortening and lengthening velocities may reflect inadequacies in the recruitment and/or
discharge rate of motor units, rather than the mechanical characteristics ofthe individual
muscle. However, given the controversies surrounding the relationship between surface
EMG recordings and dynamic muscle force (Bigland & Lippold, 1954; Dowling, 1997),
other techniques may provide a more reliable indication ofthe level of voluntary muscle
activation.

The maximality of muscle activation may be more accurately quantified by using the
twitch interpolation technique. This technique, first reported in the seminal paper of
Merton (1954), involves superimposing electrical stimulation upon maximal voluntary
activation to activate any motor units not already recruited by voluntary activation. The
size of the interpolated twitch is inversely related to the level of voluntary activation.
Experiments of this kind indicate a general agreement that under isometric conditions,
maximal voluntary effort can achieve near maximal muscle activation on most
occasions, although this phenomenon may depend upon the muscle under investigation
(Allen et al, 1995; Belanger & McComas, 1981; Merton, 1954). The maximality of
muscle activation during dynamic muscle actions, however, has not been as well

defined.
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Gandevia et al. (1998) modified the twitch interpolation technique to enable highresolution measurements of voluntary activation of the elbow flexors during maximal
isometric and shortening actions. The authors reported very high levels of voluntary
activation during both isometric actions (98.0%) and shortening muscle actions (99.4%).
Complete muscle activation (100%), however, was only achieved in 23% of isometric
and 44% of shortening muscle actions and, in some subjects, individual values below
80% of maximal activation were recorded. The achievement of true maximal voluntary
activation appears to depend upon several factors including subject motivation (BiglandRitchie, 1984), practice or training history (Amiridis et al, 1996; Jones & Rutherford,
1987) and the type of muscle under investigation (Belanger & McComas, 1981). These
data suggest that, although complete muscle activation can be achieved during maximal
voluntary isometric and shortening actions, this is not always the case and variations are
evident both between and within individuals.

2.3.5 The In Vivo Force-Velocity Relationship Under Artificial Activation
Inconsistencies in the level of activation associated with voluntary muscle actions can
be avoided by using transcutaneous electrical stimulation to activate the muscle
throughout the whole range of motion. However, due to the discomfort associated with
electrical stimulation, experiments using this technique have usually been limited to
submaximal stimulation intensities (Amiridis et al, 1996; Dudley et al, 1990; Harris &
Dudley, 1994; Westing et al, 1990). For example, Harris & Dudley (1994) reported the
torque-angular velocity relationship for the knee extensors during shortening actions
under maximal voluntary activation and submaximal (70%) electrical stimulation. Both
voluntary and artificial activation resulted in lower than expected torques at angular
velocities below 1.57 rad-s"1 (approximately 90°-s_1). Assuming that electrical
32

Chapter 2: Literature Review

stimulation represents consistent motor unit activation across all velocities, these
findings suggest that the lower than expected increase in joint torque as the velocity of
shortening approaches zero was not attributed solely to a neural inhibitory mechanism
limiting muscle activation but may also reflect an inherent characteristic of the
shortening torque-angular velocity relationship of muscle.

One study was identified in which the joint torque-angular velocity relationship of the
triceps surae was investigated using supramaximal electrical stimulation (Thomas et al,
1987). Angle specific plantar flexor torque values were recorded at angular velocities
ranging from 0 to 4.9 rad-s"1 (0 to approximately 280°-s_1). To ensure that complete
muscle activation and constant angular velocity were attained in the shortest time
possible, supramaximal stimulation was applied to the muscle while it was held in an
isometric position, and was maintained throughout the whole movement upon release.
Interestingly, no mention was made of any pain or discomfort experienced by the
subjects at such high stimulation intensities. The rectangular hyperbolic equation of
Hill (1938) could be fitted to the resultant torque-angular velocity data of five out ofthe
seven subjects with a mean correlation co-efficient (r value) of 0.73 ± 0.11, and the
curve did not appear to exhibit a flattening of the torque-angular velocity relationship at
slow shortening velocities. A tighter fit (r = 0.96 ± 0.02) for all subjects data was
achieved using the following equation described by Thomas et al (1987):

V = (eplb - e-po/b )a Equation 2.2
where: V = velocity, (rad-s"1)
P = torque ( N m )
PQ = the torque at zero velocity
a and b = constants.

33

Chapter 2: Literature Review

The slight differences between the data of T h o m a s et al. (1987) and that reported by Hill
(1938) for isolated animal muscle may be related to the methodological differences
between in vivo human experiments and in vitro experiments conducted on isolated
animal muscle. However, inconsistencies between the data of Thomas et al. (1987) and
other studies utilising submaximal electrical stimulation of human muscle (Amiridis et
al, 1996; Dudley et al, 1990; Harris & Dudley, 1994; Westing et al, 1990) may be
related to the stimulation intensity and techniques employed in these various studies.

Although it is possible to maximally activate a muscle, this ability seems dependent
upon the muscle in question as well as the level of training and motivation of the
subject. It is unclear if the inability to fully activate a muscle is the result of an
inhibitory mechanism or a lack of co-ordination and/or experience of the subject in
performing this type of muscle action. The influence of strength and training history on

the ability to fully activate a muscle and the consequent influence of these factors on the
force-velocity relationship is discussed in the following section.

2.3.6 The Influence of Strength and Training History on the In Vivo ForceVelocity Relationship

There exists substantial evidence to suggest that the initial increase in muscle strength a
the onset of a strength training program is predominantly related to neural aspects rather
than to changes in the mechanical characteristics of the muscle (Moritani & deVries,
1979; Sale, 1986). That is, the time frame ofthe initial strength increase is too short for
mechanical adaptations ofthe muscle itself to occur, with strength increases noted even
after only one training session (Whitley & Elliott, 1968). Furthermore, according to
Moritani & DeVries (1979) the initial strength gain during an 8 week isotonic strength
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training regimen was predominantly attributed to neural factors, although muscle
hypertrophy became the primary factor after 3 to 5 weeks of training. However, in
longer studies that have exhibited muscle hypertrophy, the increase in muscle strength
has outweighed the increase in muscle size, resulting in an increase in the force per
cross-sectional area (Sale, 1986). In addition, short strength training programs have
produced increases in muscle strength without corresponding increases in evoked
muscle twitch or tetanic tension, suggesting that the strength increase was due to an
improved ability to voluntarily activate the muscle (Sale, 1986).

Tesch et al. (1990b) investigated the influence of eccentric and concentric resistance
training programs on muscle substrates," enzyme activity and capillary supply. Male
subjects performed maximal voluntary efforts of either combined eccentric and
concentric training or concentric training only on an isokinetic dynamometer at 1.05
rad-s"1 (60°-s"1) for 12 weeks. Although the combined eccentric and concentric strength
training program resulted in greater strength gains than the concentric only training,
neither group displayed significant differences in muscle substrates, enzyme activity or
capillary supply. The authors concluded that the improvements in strength measures
were predominantly due to neural adaptation rather than alterations to metabolic factors.
As an extension of this research, Colliander & Tesch (1990) performed a similar
experiment of bilateral combined eccentric and concentric or concentric only lower limb
strength training programs performed over 12 weeks. Again the combined training
protocol resulted in greater strength increases than the concentric only training.
However, muscle biopsies obtained from vastus lateralis (VL) revealed no significant
difference in the area of slow-twitch or fast-twitch fibre type before and after the
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training period, indicating that the short-term strength gains were not due to increases in
muscle fibre size, but were more likely due to neural adaptations.

The magnitude of strength gains as a consequence of strength training programs has
been shown to differ between shortening and lengthening muscle actions, depending
upon the training program employed (Hortobagyi et al, 1996a; Hortobagyi et al,
1996b). For example, Hortobagyi et al. (1996b) trained male subjects using maximal
voluntary eccentric (n = 7) or concentric (n = 8) knee extensor efforts on a KIN/COM™
dynamometer at 60°-s" for 12 weeks. The eccentric training program improved
lengthening knee extensor strength 3.5 times more than the improvements in shortening
knee extensor strength achieved via concentric training (46% and 13%, respectively).
Interestingly, RF EMG increased 86% during lengthening knee extensor efforts as a
result of eccentric training whereas concentric training only increased RF EMG by 12%
for shortening knee extensor efforts.

Muscle adaptation and strength gains occur in response to increased loading. Therefore,

it is possible that the greater strength improvement resulting from eccentric training was
related to exposure to the higher forces associated with lengthening muscle actions. To
investigate this, Hortobagyi et al. (1996a) trained female subjects for 6 weeks on a
KIN/COM™ dynamometer at 60°-s"1 using either maximal voluntary concentric knee
extensor efforts or voluntary eccentric knee extensor efforts at the same absolute force
level (that is, at a submaximal intensity for lengthening actions). Even at a submaximal
intensity, eccentric training improved knee extension strength during maximal voluntary
lengthening muscle actions to a greater extent than maximal concentric training
improved shortening knee extensor strength (42% and 36%, respectively). Furthermore,
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increases in V L and vastus medialis ( V M ) E M G were also significantly greater after
eccentric training compared to concentric training.

The greater strength gains and increased myoelectric activity associated with
lengthening muscle actions m a y also occur as a result of non-specific strength training.
Aagaard et al. (2000b) reported significant increases in isokinetic knee extensor
strength, particularly during lengthening (-30°-s"1 and -240°-s"1) and slow shortening
(30°-s") muscle actions, as a result of 14 weeks of heavy isotonic resistance training of
the whole lower limb. These strength changes corresponded with greater increases in
myoelectric activity for V L , V M and R F . Interestingly, activity of the antagonist biceps
femoris (BF) and semitendinosus (ST) muscles did not change as a result of strength
training. Similar strength gains for lengthening and slow shortening isokinetic knee
extensor efforts have been reported for male and female subjects trained on non-velocity
specific isotonic exercises for six weeks (Spurway et al, 2000).

The greater potential for strength gains following eccentric training may be reflected in
the force-velocity relationship. Hortobagyi & Katch (1990b) investigated the influence
of muscle strength on the resultant force-velocity relationship recorded during maximal
voluntary elbow flexion and extension efforts at various lengthening and shortening
velocities. T h e authors compared groups of low strength and high strength subjects and
plotted the resultant torque-velocity curves, based on peak torque recordings, as well as
at two constant angle torque recordings at elbow angles of 1.57 and 2.36 radians
(approximately 90° to 135°, respectively). Data revealed that the low strength group
exhibited a plateau in the force-velocity curve at slow shortening velocities as well as
during lengthening muscle actions. T h e high strength subjects, however, displayed
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increasing torque output at slow shortening velocities and for faster lengthening
velocities. The method of assessing joint torque, that is, using peak torque or constant
angle torque values, did not influence the shape of the torque-velocity curves.
Therefore, it appears as though subjects with an initial high strength level exhibit a
force-velocity relationship similar to that of isolated animal muscle. Subjects with low
initial strength, however, display lower than expected torque production, which may
reflect the presence of a protective mechanism.

Variations in the force-velocity relationship between individuals has also been attributed
to training history or experience (Amiridis et al, 1996). Amiridis et al. (1996)
compared the force-velocity relationship of highly skilled high jumpers with sedentary
subjects during maximal voluntary activation and superimposed electrical stimulation of
the knee extensors. Highly skilled subjects produced greater torques during voluntary
lengthening and shortening muscle actions, however, the superimposed twitch and level
of antagonist activation were significantly lower than that in the sedentary subjects
(Amiridis et al, 1996). These findings suggest that the inhibition of joint torque during
voluntary activation is influenced by the experience and/or strength of the subject as
well as the level of antagonist co-activation.

Specificity of training has also been investigated in relation to its influence on
movement velocity. Pousson et al. (1999) trained the elbow flexors of 12 male subjects
using free weights at 35% of 1 RM for seven weeks. Mean angular velocity during
training was approximately 300°-s"1 and elbow flexor strength, as assessed on a Biodex
dynamometer, increased significantly only for the fast shortening angular velocities of
240°-s"1 and SOC-s"1, but not at the slower shortening velocities of 60°-s'\ 120°-s"1 and
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180°-s"1, or during lengthening actions (-30°-s"1 and -60°-s"1). Although myoelectric
activity of the agonist muscle biceps brachii did not change as a result of training,
activation ofthe antagonist triceps brachii was significantly lower at 300°-s"1.

The general consensus of these studies is that lengthening and slow velocity shortening
muscle actions have a greater potential for strength gains than fast velocity shortening
actions. These improvements in muscle strength appear to be associated with increased
activation during these muscle actions. Alternatively, as strength gains are typically
assessed as the increase in resultant joint torque, a reduction in the level of co-activation
of antagonist muscles could also account for the increase in resultant joint torque and
may be misinterpreted as an increase in muscle strength. Antagonist activation can
clearly influence the resultant joint torque and, consequently, may alter the interpretation
of the in vivo joint torque-angular velocity relationship. Therefore, the influence of coactivation of antagonist muscles on joint torque is now discussed.

2.4 Co-activation of Antagonist Muscles
The resultant joint torque measured in vivo is the sum of all moments about that joint
(De Luca & Mambrito, 1987). Quantifying individual muscle forces, however, is
difficult due to the activation of synergist and antagonist muscles. Activation of an
antagonist muscle generates an opposing moment, which will increase joint stability, but
at the cost of reducing the efficiency of the net torque produced at the joint (Baratta et
al, 1988). Although many studies have estimated antagonist joint torques using
mathematical models (Baratta et al, 1988; Olney & Winter, 1985), most studies have
based antagonist torque calculations on the EMG:moment relationship (Aagaard et al,
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2000a; Kellis & Baltzopoulos, 1997) or simply report the magnitude of antagonist
activation without inference to joint torque (Amiridis et al, 1996; Baratta et al, 1988;
Osternig et al, 1986; Snow et al, 1995; Solomonow et al, 1988). The error associated
with these techniques and the variations of experimental procedures employed in such
studies make it difficult to interpret the function of antagonist co-activation. The

following sections will review factors that influence the level of antagonist co-activation
and discuss the issues related to quantifying the antagonist torque produced by coactivation of antagonist muscles.

2.4.1 Factors that Influence Antagonist Co-activation
As for experiments investigating the joint torque-angular velocity relationship, most
studies of co-activation have been conducted on muscles surrounding the knee joint
(Aagaard et al, 2000a; Amiridis et al, 1996; Baratta et al, 1988; Draganich et al,
1989; Kellis, 1998; Osternig et al, 1986). The elbow complex is also a common joint
to investigate the role of antagonist activation (Colson et al, 1999; Solomonow et al,
1988), but few studies have investigated co-contraction of antagonist muscles about the
ankle joint (Behm & Sale, 1996; Hubley-Kozey & Earl, 2000; Maganaris et al, 1998b).
Although some studies appear to contradict one another when interpreting the function
of antagonist muscle activation, there are several factors that influence the magnitude of
antagonist co-activation which may account for some of these inconsistencies in the
reported literature.

2.4.1.1 Angular Velocity
Movement velocity has been shown to influence both the joint torque and agonist
muscle activation. Therefore, it is not surprising to find velocity specific variations in
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antagonist muscle activation, although these findings are not consistent. Investigations
of antagonist co-activation during knee flexion/extension actions generally report an
increase in antagonist activation at faster angular velocities (Hagood et al, 1990; Kellis
& Baltzopoulos, 1998; Osternig et al, 1986; S n o w et al, 1993; S n o w et al, 1995). For
example, Hagood et al. (1990) reported a 1 2 8 % increase in hamstring co-activation and
1 1 3 % increase in quadriceps co-activation as angular velocity increased from 15 to
240°-s"1 during maximal voluntary knee extension and flexion, respectively. Similar,
although smaller increases in hamstring and quadriceps co-activation (30%) were
reported by Kellis & Baltzopoulos (1998) as angular velocities increased from 30 to
lSO^s"1.

Osternig et al. (1986) also reported increases in hamstring co-activation as the angular
velocity of maximal voluntary knee extensor efforts increased from 100 to 400°-s"1.
Although the m e a n level of hamstring co-activation was greater for sprinters than for
distance runners ( 5 7 % and 1 4 % , respectively), the increase in co-activation at the faster
velocity was greater for distance runners. This finding m a y indicate a training effect, as
sprinters are more used to performing rapid knee extension and flexion movements than
distance runners. Indeed, Pousson et al (1999) have reported velocity specific training
effects on co-activation. Their subjects performed maximal velocity elbow flexion
efforts using free weights ( 3 5 % of one repetition m a x i m u m ) for seven weeks. The
m a x i m u m velocity of voluntary elbow flexion, at which the subjects trained at, was
approximately 300°-s"1. Post-training strength assessments, performed on an isokinetic
dynamometer, indicated a significant increase in elbow flexion torque at angular
velocities of 240 and 300°-s"1 and, although activation ofthe agonist, biceps brachii, did
not change, co-activation of the antagonist, triceps brachii, decreased significantly at
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300°-s"1. Therefore, it appears that the velocity specific increase in elbow flexor torque
was due to a decrease in antagonist activation rather than increased activity of the
agonist.

Similarly, Amiridis et al. (1996) reported differences in antagonist co-activation
between highly skilled and sedentary subjects w h e n performing maximal voluntary knee
extension efforts. Although there were no significant effects of velocity on coactivation within each group, the level of hamstring co-activation during maximal
voluntary knee extensor efforts was significantly greater in sedentary subjects compared
to highly skilled high jumpers ( 3 8 % and 1 2 % , respectively). Baratta et al. (1988) also
reported lower hamstring co-activation levels in athletes trained in jumping events
compared to sedentary subjects. It m a y be argued that these findings reflect an increase
in co-ordination of muscle activation patterns in skilled athletes, resulting in more
efficient actions and greater net torque production. However, Baratta et al. (1988) also
investigated hamstring co-activation in skilled athletes w h o routinely performed
hamstring strength training and found higher levels of co-activation similar to that of
sedentary subjects. The authors suggested that greater levels of co-activation m a y be
necessary to improve joint stability and reduce the susceptibility to ligament damage.

Two studies were located that investigated the influence of angular velocity on
antagonist co-activation during m a x i m u m voluntary dorsiflexor efforts (Behm & Sale,
1996; Hubley-Kozey & Earl, 2000). Although Hubley-Kozey & Earl (2000) found that
triceps surae co-activation was not influenced by angular velocity between the range of
30 and 150°-s"1, B e h m & Sale (1996) reported a significant decrease in S O L coactivation at angular velocities of up to 1 rad-s"1 (57°-s"1), after which S O L activation
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remained constant up to 5.23 rad-s"1 (SOO^s"1). Interestingly, co-activation of lateral
gastrocnemius (LG) was independent of velocity, whereas activation ofthe agonist, TA,
decreased at faster velocities. Although the functional significance of these velocitydependent variations in agonist and antagonist activation is unclear, it is likely that the
magnitude of antagonist co-activation varies depending upon the functional
characteristics of the muscle itself and hence, may be different from one muscle to
another.

2.4.1.2 Joint Angle
Although the functional significance of antagonist co-activation may be difficult to
determine during constrained single joint movements performed on isokinetic
dynamometers, tracking changes in activation intensities throughout the ROM may
provide an insight into the function of antagonist co-activation. Whereas the level of
antagonist co-activation ofthe quadriceps generally remains constant (Draganich et al,
1989; Snow et al, 1995) or varies only slightly (Baratta et al, 1988; Osternig et al,
1986) throughout the ROM, antagonist activation ofthe hamstring muscles varies with
changes in joint angle (Baratta et al, 1988; Draganich et al, 1989; Osternig et al, 1986;
Snow et al, 1993). Maganaris et al. (1998b) have also reported angle specific changes
in co-activation of the antagonist muscle, TA, during maximal isometric plantar flexor
actions.

Although most studies agree that hamstring co-activation varies throughout the ROM,
there is less consensus as to the way in which this activation varies. For example, Snow
et al. (1993) reported greater hamstring activation at the start of maximal voluntary knee
extensor efforts (that is, when the knee is flexed and the hamstrings are being
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lengthened), although the level of activation decreased as the knee approached full
extension. During lengthening knee extensor efforts (hamstrings shortening), however,
hamstring co-activation did not change throughout the ROM (Snow et al, 1993).
Draganich et al (1989), on the other hand, report increased hamstring co-activation
toward terminal knee extension.

This discrepancy in hamstring co-activation may again be related to methodological
factors, as the study of Snow et al. (1993) utilised a KIN/COM™ isokinetic
dynamometer to perform constant velocity movements, and the subjects of Draganich et
al. (1989) performed unimpeded knee extensor efforts while attempting to voluntarily
maintain constant angular velocity. The increased co-activation in the study of
Draganich et al. (1989) may therefore be associated with the need to voluntarily
decelerate the lower leg as the knee approached full extension. Increased co-activation
of the hamstring muscles at terminal knee extension may also function to assist the
anterior cruciate ligament (ACL) in reducing anterior tibial translation as the knee
approaches its end ROM. Although the function of hamstring co-activation in

preventing ACL injuries is an interesting and topical issue, it is beyond the scope of this
thesis. For additional information on this topic refer to Kellis (1998).

Maganaris et al. (1998b) examined the level of antagonist co-activation (TA) at various
joint angles during maximal isometric plantar flexor efforts. In comparison to the level
of antagonist activation recorded in a neutral ankle angle, TA EMG at the extremes of
joint motion increased considerably (by approximately 100% and 45% at maximal
dorsiflexion and plantar flexion angles, respectively). However, there were no
significant differences in the co-activation levels across the mid-range of ankle angles.
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The authors indicated the involvement of neural pathways mediated by joint
mechanoreceptors as a likely mechanism for this enhanced antagonist co-activation
(Maganaris et al, 1998b).

According to Osternig et al. (1986) variation in hamstring co-activation is influenced by
the velocity ofthe movement. That is, during knee extension at 100°-s"1 hamstring coactivation increased dramatically as the knee approached full extension. When knee
extensor efforts were performed at 400°-s"', however, increased hamstring co-activation
was noted at the beginning and at the end of the knee extension movement (Osternig et
al, 1986). Similar angle specific variations in antagonist co-activation at the start and
end ROM have been reported for the hamstrings and quadriceps during knee extension
and flexion (Baratta et al, 1988) and for the triceps brachii and biceps brachii during
elbow flexion and extension (Solomonow et al, 1988). When compared across joint
angles, the pattern of co-activation has been shown to vary inversely with the predicted
moment arm for each antagonist muscle (Baratta et al, 1988; Solomonow et al, 1988).
Based on this inverse relationship, one may predict the antagonist joint moment to
remain constant throughout the ROM. Baratta et al. (1988) and Solomonow et al.
(1988) emphasised the importance of this relationship between muscle activation and
moment arm in maintaining joint stability and equalising articular surface pressure,
despite the increased metabolic demands and reduction in the resultant joint torque
brought about by high levels of co-activation.

The same relationship between the level of co-activation and the size of the antagonist
moment arm does not exist at the ankle during maximal isometric plantar flexions. As
indicated previously, the level of antagonist activation, and predicted antagonist
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moment, increases at the end range of motion (Maganaris et al, 1998b). The same
authors have also examined changes in the moment arms of TA (Maganaris et al, 1999)
and the triceps surae (Maganaris et al, 1998a) across a range of joint angles. In resting
conditions and during maximal voluntary dorsiflexor efforts, the TA moment arm
increased by 33% when the ankle was moved from 15° of dorsiflexion to 30° of plantar
flexion (Maganaris et al, 1999). According to this data, the moment arm of TA is
greatest towards the end range of dorsiflexion motion which corresponds to when the
level of antagonist activation is greatest, thus resulting in a change in the resultant
antagonist moment throughout the range of motion.

Regardless of the joint specificity of antagonist activation, it is clear that for a given
joint, the level of antagonist activation and the size ofthe moment arm vary with respect
to the angle at which it is examined. Therefore, the influence of joint angle and
corresponding moment arms must be considered when investigating the influence of
antagonist activation on the resultant joint torque.

2.4.1.3 Muscle A ction Type
It is well established that lengthening muscle actions are more efficient, requiring less
activation to move a given load, than shortening actions. Therefore, when interpreting
the influence of antagonist co-activation on resultant torque output, it is essential to
consider the type of muscle action involved. Similar to the other factors known to
influence antagonist co-activation, there has been little agreement as to the effect of
muscle action type on the level of co-activation. Snow et al. (1993) reported
significantly greater hamstring co-activation during knee extension, that is, when the
antagonist is lengthening, compared to knee flexion when the antagonist is shortening.
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This difference, however, was only significant when the knee was in a flexed position
(50 to 70° knee flexion) as co-activation levels were similar in the extended knee
position.

During knee flexor efforts, when the quadriceps were acting as antagonists, muscle
action type had no bearing on the magnitude of antagonist co-activation (Snow et al,
1995). A similar independence of co-activation from muscle action type has been
reported for the hamstring muscles (Amiridis et al, 1996) and the elbow extensors
(Pousson et al, 1999). The study of Kellis & Baltzopoulos (1998), however, reported
significantly lower levels of activation during lengthening muscle actions compared to
muscle shortening for both agonist and antagonist muscles.

2.4.1.4 Methodological Factors
Although recording the magnitude of antagonist activity is relatively easy, describing
co-activation in terms of antagonist joint torque is considerably more difficult. The
methodological issues associated with the detection and interpretation of EMG data
recorded during dynamic muscle actions have been widely debated (Basmajian & De
Luca, 1985; Dowling, 1997). These factors, as well as the inconsistencies in data
processing methods used in various studies, make it difficult to estimate the torque
contribution for a given intensity of antagonist co-activation. Inconsistencies in the
literature pertaining to the magnitude of antagonist co-activation may be due in part to
differences in the methodological procedures of each study, and therefore, a brief
mention of some of these factors is warranted.
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Cross-Talk: The raw E M G trace reflects the s u m m e d activity of all motor units within
the recording volume of the detection electrodes, regardless ofthe muscle to which they
belong. When attempting to record EMG activity from an individual muscle, detection
of activity from surrounding muscles will increases the size of the recorded signal,
hence, confounding the interpretation ofthe EMG:force relationship. Several steps can
be taken to reduce the amount of cross-talk contaminating the EMG recording.

The distance between the two recording electrodes will influence the volume of muscle
monitored (Basmajian & De Luca, 1985). Therefore, the placement and characteristics
ofthe electrodes are crucial when trying to obtain the most accurate indication of overall
muscle activation while reducing the influence of cross-talk from surrounding muscles.
The anatomical arrangement and close proximity of some muscles make it difficult to
record the activation from one individual muscle, particularly when using surface
electrodes that are limited to recording from superficial muscles.

When recording from small muscles these factors become more crucial as the interelectrode distance is often limited by the size of the electrode. Intramuscular, fine-wire
electrodes have much smaller detection areas and are less susceptible to detecting crosstalk from surrounding muscles (Kellis, 1998). As these electrodes are inserted directly
into the muscle, the activation of small and/or deep muscles can be recorded accurately,
providing the appropriate technique and care are employed to ensure that the electrodes
are inserted into the correct muscle.

Prediction of Antagonist Joint Torque: Although it is not possible to directly measure
the torque generated by an individual muscle in vivo, a number of methods have been
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developed to calculate the torque contribution of co-activation. Mathematical models
incorporating various components of the musculoskeletal system have been developed
in an attempt to quantify the interaction of forces about the knee (Bobbert & van Ingen
Schenau, 1990; Fukunaga et al, 1996; Krylow & Sandercock, 1997). However, these
models contain an inherent margin of error and the time and effort associated with these
techniques often make it impractical for estimating the magnitude of antagonist joint
torque. Therefore, predicting the contribution of antagonist co-activation to the
resultant joint torque is often based on the size ofthe antagonist EMG signal. However,
there are also errors associated with this method and some of these issues are presented
in the following sections.

Normalisation: Although the EMG record reflects the activation of motor units within
the recording area of the electrodes, the amplitude of this signal is influenced by a
multitude of variables including the electrophysiological properties within the body as
well as the parameters ofthe detection devices (Lindstrom, 1970). Given the variability
of raw EMG recordings, it is now commonplace to normalise the data to a standard
value, enabling comparison of EMG activity between subjects. The main limitation of
this practice, however, is the lack of consistency in the normalisation process employed
among researchers. Different normalisation techniques make it difficult to interpret the
intensity of muscle activation reported from various studies.

The EMG signal has traditionally been normalised to the value recorded during a
maximal voluntary isometric action ofthe same muscle. It is well known, however, that
the EMG: force relationship during isometric muscle actions differs from that for
dynamic muscle actions (Bigland-Ritchie, 1981). Therefore, this method of
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normalisation will induce an error associated with the interpretation of muscle torque
based on the magnitude of normalised EMG data. To account for the differences in
EMG characteristics associated with isometric and dynamic muscle actions, EMG
records have more recently been normalised with respect to the EMG recorded during
maximal voluntary activation of the same muscle when acting as an agonist during a
dynamic muscle action at the same joint angle and angular velocity (Kellis &
Baltzopoulos, 1998).

The relationship between muscle activation and the resultant joint torque also differs for
lengthening and shortening actions. Therefore, normalisation of the EMG signal should
also account for differences in the type of dynamic muscle action. When investigating

antagonist co-activation, the antagonist muscle is acting in the opposite direction to tha
of the desired movement. For example, during plantar flexion the agonist triceps surae
are shortening while the antagonist muscle, TA, is being lengthened. Therefore, a more
accurate indication of antagonist joint torque can be obtained by normalising antagonist
activity to the EMG recorded during maximal voluntary activation ofthe same muscle at
the same joint angle and angular velocity and when performing the same muscle action
type (Kellis & Baltzopoulos, 1996).

EMG:Moment Relationship: The major limiting factor in quantifying the magnitude of
antagonist joint torque is defining the relationship between muscle activation and the
resultant muscle force. However, when the appropriate normalisation technique is
applied across a range of activation intensities the EMG:torque relationship can be
calculated and used to estimate the joint torque generated by a given level of muscle
activation. This technique was employed by Kellis & Baltzopoulos (1997) to estimate
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the joint torque generated by co-activation of the antagonist hamstring muscles during
isokinetic knee extensor efforts. The joint torques calculated from the antagonist EMG
recordings were 43 Nm and 29 Nm for shortening and lengthening knee extensor
efforts, respectively.

It should be pointed out that the EMG:torque relationship generated for the antagonist
muscle based on this normalisation technique is subject to the influence of EMG activity
from opposing muscles. Hence, the EMG:torque relationship will generally
underestimate the torque contribution for a given level of activation. Fortunately, coactivation ofthe quadriceps is reportedly quite small (5 to 8%; Snow et al, 1995) and in
the study of Kellis & Baltzopoulos (1997) the EMG:torque relationship ofthe antagonist
was formulated from data at submaximal intensities (up to 40% of maximal voluntary
effort) at which the influence of antagonist activation is likely to have little effect on
relationship. Therefore, the error associated with the hamstring EMG:torque
relationship may be considered to be negligible. This may not be the case for other
muscles, however, as the magnitude of co-activation varies • depending on the
characteristics of the muscles and the functional aspects of the task involved (Kellis,
1998).

In an attempt to account for the influence of co-activation on the EMG:torque
relationship, Aagaard et al. (2000a) devised a set of related equations to more accurately
quantify the EMG:moment relationship for the hamstring and quadriceps muscle groups
during isokinetic knee extension efforts. Using this technique, the antagonist joint
torque generated by hamstring co-activation was calculated to be approximately 30 Nm,
a value considerably less than the 43 Nm predicted by Kellis & Baltzopoulos (1997) for
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the same isokinetic movement performed at 30°-s"1. As the method of Aagaard et al
(2000a) accounts for the negative influence of antagonist activity on the EMG:moment
relationship, one would expect the antagonist torque to be greater than that reported by
Kellis & Baltzopoulos (1997). However, this discrepancy may be related to
methodological factors other than the equation itself. For example, Kellis &
Baltzopoulos (1997) used the EMG activity recorded from VM and BF as indications of
quadriceps and hamstring activity, respectively, whereas Aagaard et al. (2000a)
recorded the activity of VM, VL and RF to represent the quadriceps as well as BF and
ST, to be representative of hamstring activation.

Co-activation of antagonist muscles has been shown to vary depending on the type of
muscle, movement velocity, joint angle and muscle action type. These variations may

reflect the functional significance of co-activation, but, nevertheless, antagonist activit
will reduce the resultant joint torque. Given the large variance in reported levels of
antagonist co-activation it is important to interpret these findings in light of the
methodology employed in the study. Although the most common method used to assess
the contribution of an antagonist muscle to joint function is based on estimations
derived from myoelectric recordings, this technique has a number of crucial limitations.
The only way to accurately quantify antagonist torque contributions in vivo, but noninvasively, is to record the resultant joint torque before and after removal of any
antagonist muscle activation.
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2.5

Reflex Modulation During Lengthening Muscle Actions

As mentioned previously (see Section 1.1) voluntary muscle force is influenced by both
mechanical and neural characteristics. Although a unique neural command for
lengthening muscle actions has been postulated (Enoka, 1996), there is little evidence to
support this notion. Discrepancies between the force-velocity relationships of animal
and human muscle may be related to the different ways in which these muscles are
activated. Experiments on isolated animal muscle involve artificial activation and
essentially eliminate many of the complex neural events associated with voluntary
muscle activation. Therefore, it is possible that these complex neural events associated
with voluntary muscle activation may account, in part, for variations in the forcevelocity relationships between voluntary and artificial activation.

Although it is now well established that the H-reflex cannot by itself be used to assess
motoneurone excitability or muscle spindle sensitivity (Burke et al, 1984), it still offers
a means to examine neural events that occur during dynamic and static muscle actions.
As the electrically evoked H-reflex travels along similar pathways as the naturally
occurring stretch reflex, the following sections will provide a brief review of muscle
spindle physiology and its role in the stretch reflex, before specific mention is made of
the H-reflex and its modulation during dynamic muscle actions.

2.5.1 The Muscle Spindle
Muscle spindles respond to changes in both the velocity and magnitude of changes in
muscle length. Despite being one of the most complex and widely studied sensory
organs in the human body, the specific role of muscle spindles in motor control is still
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unclear. A n extensive review of this topic is beyond the scope of this thesis, and for a
comprehensive review readers are referred to Matthews (1971). However, an
understanding of the anatomy of the muscle spindle and its response to changes in
muscle length is necessary when interpreting the role of muscle reflexes in the
mechanisms of muscle strain injuries.

2.5.1.1 Anatomy ofthe Muscle Spindle
The muscle spindle contains a number of intrafusal fibres enclosed within a connective
tissue capsule that lie in parallel with extrafusal muscle fibres (see Figure 2.4).
Intrafusal fibres may be of two types, chain fibres or bag fibres, with the distinction
based on the arrangement of their nuclei. Bag fibres have been sub-divided into
dynamic bag] fibres and static bag2 fibres based on their efferent innervation (Schaafsma
etal, 1991).

Muscle spindles have both sensory and motor innervation. Sensory fibres are located in
the centre of the muscle spindle and can be divided into primary and secondary fibres.
Primary fibres are large in diameter (Group-la fibres) and are distributed to all muscle
spindle fibres, whereas the smaller diameter secondary fibres (Group-II fibres) are
distributed predominantly to bag2 and chain fibres (Rothwell, 1987). As a consequence
of their larger diameter, la-fibres have a faster conduction velocity (approximately 80 to
120 m-s"1 in cats) than Group-II fibres (approximately 20 to 70 m-s"1). However, the
difference in conduction velocities for nerve fibres of different diameters, as estimated
from reflex experiments, may be considerably smaller in humans than in the cat. For
example, Macefield et al. (1989) estimated the conduction velocity in human muscle
and cutaneous nerve fibres to range from 52 to 80 m-s"1. Regardless ofthe difference in
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conduction velocity, the larger diameter of la-fibres means that they have a lower
stimulation threshold than smaller diameter fibres.

Dynamic nuclear
bag fibres
Capsule
Sensory
endings
Afferent
fibres \
Efferent
fibres "~

Static nuclear
bag fibre
Nuclear chain
fibres

G a m m a Motor Fibres
Static (ys)
Dynamic (yd)
Afferent Fibres
la (primary)
11 (secondary)

Motor
endings

Intrafusal
muscle fibres
Figure 2.4 T h e muscle spindle.
Anatomical (left) and neural (right) diagrams of the complex muscle spindle indicating
the two types of intrafusal muscle fibre; nuclear bag (both dynamic and static) and
nuclear chain fibres. T w o types of afferent nerves innervate the intrafusal fibres; la
innervating allfibresand II innervating static nuclear bag and chain fibres. T w o motor
nerves innervate the muscle spindle; dynamic (yd), innervating only the dynamic nuclear
bag fibres and static (ys), innervating static nuclear bag and chain fibres (Figure taken
from Kandel et al, 1991, p. 566).

The motor innervation of muscle spindles is provided by y-neurones that attach
predominantly to the ends of muscle spindle fibres. The y-neurones have also been subclassified as static (ys), that innervate bag2 and chain fibres, and dynamic (yd), that only
innervate bagi fibres (Schaafsma et al, 1991). The existence of p-axons, which
innervate both intrafusal and extrafusal fibres, has also been identified, although the
functional significance of this innervation is still unclear (Rothwell, 1987). T h e variety
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of sub-classifications within the muscle spindle fibres, as well as their sensory and
motor innervation, reflect the complexity ofthe muscle spindle itself. This complexity
can be seen when investigating the response ofthe muscle spindle to changes in muscle
length.

2.5.1.2 The Physiological Response of Muscle Spindles
Early studies of muscle spindle function were generally conducted on animal muscle
and involved recording the activation of muscle spindle afferent fibres in response to
changes in muscle length or stimulation of intrafusal muscle fibres. The differences in
the response of primary (Group-la) and secondary (Group-II) muscle spindle afferents
provide an indication ofthe functional role of muscle spindles.

Apart from the anatomical differences between Group-la and Group-II muscle spindle
afferents, the innervation of different muscle spindle fibres and their associated efferent
control are related to the functional significance of the sensory feedback from these two
afferent fibre types. Given the complexity of this sensory organ, understanding these
different responses and their functional significance is difficult. However, the advent of
microneurography (Vallbo & Hagbarth, 1968) enabled the direct recording of muscle
spindle afferents from human nerves with the added conscious control of joint
movement and, hence, muscle length, thereby providing a greater understanding of
muscle spindle function.

Primary and secondary endings differ in their static and dynamic sensitivity to stretch.
Although both fibres have similar resting spindle discharge rates (Kakuda, 2000), their
maximum firing rates differ. That is, primary endings are capable of being driven in
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excess of 200 H z , whereas the discharge rate of secondary endings rarely exceeds 100
Hz (Burke et al, 1976). Their different responses to an imposed stretch can be used to
differentiate the two types of fibres (Brown et al, 1965). At the onset of a ramp stretch,
the firing rates of muscle spindle afferents suddenly increase to a higher level and
continue to increase throughout the stretch. At the end of the stretch, their firing rate
drops to a new level, reflecting the static muscle length. The drop in firing rate at the
end of the stretch is termed the dynamic index and is used to distinguish between the
primary and secondary endings (Brown et al, 1965).

Primary endings have a much greater dynamic index than secondary fibres, which most
likely reflects the types of intrafusal muscle fibres innervated by these sensory nerve
endings. Primary endings are connected to bagi fibres whose end regions (poles) are
stiffer than the equatorial (sensory) region. Therefore, in the event of an imposed

stretch, the equatorial region is elongated to a greater extent than the poles, resulting in
an increased firing of Group-la afferents and a greater dynamic index. In contrast, the
secondary endings do not have a strong connection to bagi fibres, and the stretch is
distributed more uniformly throughout the intrafusal fibre. Consequently, secondary
muscle spindle afferents have a lower dynamic index.

The physiological differences between these two muscle spindle afferents may also be
related to the motor innervation of different intrafusal fibres (fusimotor activation). As
mentioned previously (see Section 2.5.1.1) ys nerves innervate bag2 and chain fibres
whereas y& nerves innervate only bagi fibres. Stimulation of ys nerves has been shown
to stretch the equatorial region of bag2 fibres by up to 20% of their resting length and,
consequently, increase the resting discharge and static sensitivity mainly of the
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secondary muscle spindle afferents. Stimulation of ya nerves, however, will produce

little stretch ofthe equatorial region of bagi fibres, but will increase the stiffness ofthe
poles and, consequently, increase the dynamic index in the event of muscle stretch.

2.5.1.3 The Functional Significance of Muscle Spindle Discharge
One must also consider the functional significance of muscle spindles and their
associated fusimotor activation. Burke et al. (1978) recorded the discharge rate from
primary and secondary muscle spindle endings during voluntary lengthening and
shortening contractions. Interestingly, during shortening muscle actions, spindle
discharge increased after the onset of voluntary muscle activity, but before the limb
began to move (Burke et al, 1978), although it is possible that slight changes in muscle
length could occur without a noticeable change in joint angle. Additionally, the
discharge rate decreased at faster shortening velocities, but increased when an external
load was applied. Furthermore, the discharge rate of muscle spindle afferents was
greater during active compared to passive lengthening actions. The authors noted the
difficulty in maintaining constant movement velocity and, when unexpected
accelerations occurred during shortening actions, spindle discharge decreased whereas
unexpected acceleration during lengthening actions increased spindle discharge. Burke
et al. (1978) concluded that fusimotor activity was present along with skeletomotor
activation. The functional significance of this fusimotor activation was to provide a
background level of spindle discharge to allow the detection and correction of irregular
movement patterns.

Insight into the functional significance of muscle spindles may also be gained by
considering their discharge rate in response to stretches of varying amplitude. Primary
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muscle spindles are considered a non-linear receptor as the sensitivity of these spindle
endings varies depending on the amplitude of stretch. Kakuda (2000) recorded muscle
spindle discharge from primary and secondary endings of extensor carpi radialis during
1 Hz sinusoidal movements with an amplitude ranging from 0.05 to 10°. Primary
endings displayed a linear response with a sensitivity of 5.6 Hz-0"1 for amplitudes lower
than 1°. At larger amplitudes, the response became non-linear and less sensitive.
Secondary endings displayed a linear response in discharge rate for amplitudes up to 4°,
however, the sensitivity of these endings was considerably less (1.4 Hz0"1) than that of
primary endings. Therefore, when assessing the functional significance of muscle
spindle discharge, it is important to consider the amplitude of movement. Primary
endings are more sensitive to small changes in muscle length, whereas the discharge of
secondary endings is more consistent over a larger ROM.

2.5.2 The Stretch Reflex
The ability of muscle spindles to detect and signal the magnitude and rate of change in
muscle length is vital in the functions of proprioception and kinaesthesia. The discharge
of muscle spindles is responsible for one ofthe most well known and investigated spinal
reflexes, the stretch reflex. The stretch reflex is a motor response to rapid and often
unexpected muscle lengthening. This rapid motor response may be considered a
protective mechanism to prevent excessive muscle lengthening, particularly when the
movement is unexpected. The stretch reflex also provides a means to rapidly increase

joint stiffness before higher motor centres can assist in stabilising the joint (Sinkjaer e
al, 2000).
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A rapid stretch will activate predominantly primary muscle spindle endings with the
afferent volleys generating excitatory post-synaptic potentials (EPSPs) in spinal
motoneurones (Hagbarth et al, 1981). Providing the composite EPSP reaches threshold
for motoneurone firing, the resultant stretch reflex contains both short latency (Ml,
approximately 30 ms) and long latency (M2, approximately 50 to 60 ms; M3
approximately 70 to 80 ms) responses that can be detected in myoelectric recordings of
the homonymous muscle (see Figure 2.5) prior to the onset of voluntary muscle
activation (approximately 100 to 120 ms; Matthews, 1991).

Position
20°

50 ms
Figure 2.5 The stretch reflex response.
E M G recordings from a wrist extensor muscle (bottom trace) in response to unexpected
lengthening as indicated by the position recording (top trace). Three distinct reflex
responses can be identified as a short-latency (Ml) and two long latency ( M 2 and M 3 )
responses that occur prior to the onset of voluntary muscle activation (adapted from
Matthews, 1991, p. 88).

Although la-afferent fibres are k n o w n to have a monosynaptic connection with
homonymous motoneurones, the discharge of muscle spindle afferents maybe dispersed
due to asynchronous firing and variations in conduction velocity of the afferent fibres
(Burke et al, 1984). Given the dispersion ofthe afferent volley and the durations ofthe
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rise time of the composite EPSPs (the time course for summation of individual

depolarising currents arising from individual muscle afferents; in the order of 5 to 6 ms)
ample time exists for polysynaptic inputs to contribute to the Ml response. Even
allowing for the existence of polysynaptic pathways, the short-latency of Ml, which
varies proportionally with the distance from the spinal cord, precludes the involvement
of higher motor centres and is mediated at the spinal level (Matthews, 1991).

The longer latency, M2, response is particularly evident when stretch is applied while
the muscle is active. The longer latency M3 response is sometimes present, although it

may be influenced by voluntary activation, which can occur at latencies in the vicinity of
100 to 120 ms (Aminoff & Goodin, 2000). The M2 response occurs at about twice the
latency of Ml and its duration is considerably longer than the short-latency response.
The long latency of M2 allows for a number of inputs to contribute to its response and,
hence, its origin is a contentious issue.

The origin of the M2 response has been attributed to segmented discharge of muscle
spindle afferents, discharge of slower conducting Type II muscle spindles and
polysynaptic, possibly transcortical or brainstem, pathways. A review of these potential
mechanisms is beyond the scope of this thesis, however, experiments in which cerebral
responses were recorded in addition to EMG while stretch reflexes were induced
provide strong support for a long latency transcortical loop (Aminoff & Goodin, 2000).

2.5.3 The H-reflex
The Hoffmann-reflex (H-reflex) is named after the scientist Paul Hoffmann who, in
1910, revealed that submaximal stimulation of a compound nerve activated muscle
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spindle afferents that, in turn, generated a reflex response in a similar manner to that of
the stretch reflex. Consequently, the H-reflex was considered, for a long time, the
electrical equivalent ofthe stretch reflex. The notion that the H-reflex involves a purely
monosynaptic connection between afferent fibres and homonymous motoneurones has
also been a long held misconception and has led to the incorrect use ofthe H-reflex as a
means for assessing motoneurone excitability. The apparent practicality of this
technique has resulted in the H-reflex being one of the most commonly used, and
frequently abused, electrophysiological techniques employed in the study of the
neuromuscular system. Despite the limitations of this technique, when used with the
appropriate care, the H-reflex still remains a valuable tool in investigating spinal and
peripheral neural circuitry.

2.5.3.1 The H-reflex Technique
The H-reflex is generated by electrical stimulation of a compound nerve, containing
both sensory and motor axons (see Figure 2.6). The threshold of activation for a nerve
fibre varies inversely with its diameter. Therefore, at low stimulus intensities, the Hreflex response reflects predominantly the activation of large diameter la muscle spindle
afferents. At higher stimulus intensities smaller diameter nerve fibres are recruited and,
consequently, the H-reflex response reflects the influence of several different inputs on
the spinal motoneurones. At higher stimulus intensities the smaller diameter motor
fibres are stimulated directly. The resultant orthodromic volleys will activate muscle
fibres at a much shorter latency than the H-reflex (approximately 8 to 10 ms) and the
response can be recorded as an M-wave in the electromyogram (Hugon, 1973).
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M-wave

H-reflex

Figure 2.6 T h e H-reflex.
Submaximal electrical stimulation activates low threshold la-afferent fibres containing
monosynaptic and polysynaptic connections with ct-motoneurones. If the composite
E P S P reaches firing threshold for individual motor units, an efferent volley is produced
and the subsequent activation of individual muscle fibres can be detected in the E M G
recording as a H-reflex at a latency of approximately 35 m s . At higher stimulus
intensities, the smaller diameter motor fibres are activated directly, in addition to the
afferentfibres,and can be identified as an M - w a v e in the electromyogram at shorter
latencies (approximately 8 to 10 m s ; from Enoka, 1994, p. 178).

In addition to the orthodromic volleys, action potentials within the motor nerve also
travel antidromically, toward the spinal cord. As a consequence, the orthodromic
volleys, originating from afferent fibres, may collide with the antidromic volleys from
the motor fibres (Taborikova & Sax, 1968). Additionally, motor fibres activated by
direct motor stimulation may become refractory (Capaday, 1997) and not available for
recruitment by the following afferent volley. The net effect is a reduction in the
magnitude ofthe resultant H-reflex. As the stimulation intensity increases, the number
of antidromic volleys also increases and a greater number of fibres become refractory.
Consequently, fewer orthodromic action potentials will reach the muscle fibres.
Eventually, the H-reflex response will be completely abolished and the magnitude ofthe
M-wave will plateau (Hugon, 1973). This effect can be seen in the H-reflex/M-wave
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recruitment curve (see Figure 2.7) in which reflex amplitude is plotted against
stimulation intensity (Loscher, 1995).
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Figure 2.7 H-reflex and M-wave recruitment curve.
Peak-to-peak amplitude of the S O L H-reflex and M - w a v e responses plotted against
stimulus intensity. At low stimulus intensities the H-reflex is generated predominantly
by la muscle spindle afferents. At higher intensities, motor fibres are stimulated
directly. Consequently, the H-reflex amplitude decreases due to refractory motor fibres
and antidromic collision (modified from Loscher, 1995).

In addition to the direct recruitment of motor fibres, higher stimulus intensities may also
activate other smaller diameter sensory afferents other than those originating from
muscle spindles. As mentioned previously, it was long believed that the stretch reflex
and the H-reflex represented a purely monosynaptic connection between the afferent
volley and spinal motoneurones. However, Burke et al. (1984) provided substantial
evidence indicating that ample time exists in which oligosynaptic pathways
(connections containing multiple intemeurones) may contribute to the motoneurone
response during the stretch reflex and possibly also during the H-reflex. Using
submaximal conditioning stimuli, the increase in motoneurone excitability due to tendon
taps (stretch reflex) and electrical stimulation (H-reflex) were calculated as having rise
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times of up to 10.8 m s and a duration of up to 25 ms. Furthermore, using post-stimulus
time histograms, the rise time of EPSPs were 10.5 ms for tendon taps and 4.5 ms for
electrical stimulation. Therefore, the rise time of increased motoneurone excitability
resulting from la-afferent activation and of the consequent EPSP enable ample time for
non-monosynaptic inputs to contribute to the stretch reflex and H-reflex responses.
Although it is unlikely that the H-reflex represents a purely monosynaptic reflex
connection, investigation of the modulation of H-reflex amplitude may still provide
valuable insight into the regulation of spinal pathways.

2.5.3.2 H-reflex Modulation
It has been argued that modulation of the H-reflex during dynamic activities reflects
changes in neural commands brought about to suit the functional demands of the task
(Capaday & Stein, 1986). Reflex modulation has been reported during various dynamic
tasks including passive single joint movements (Etnyre & Abraham, 1986; Gottlieb &
Agarwal, 1978; Guissard et al, 1988; Mark et al, 1968; Robinson et al, 1982; Romano
& Schieppati, 1987; Voigt & Sinkjsr, 1998), multi-joint movements such as stepping
and cycling (Brooke et al, 1995a; Etnyre & Abraham, 1986; Gottlieb & Agarwal, 1978;
Guissard et al, 1988; Mark et al, 1968; Misiaszek et al, 1995; Robinson et al, 1982;
Romano & Schieppati, 1987; Voigt & Sinkjser, 1998) as well as during more functional
tasks of walking and running (Capaday & Stein, 1986; Capaday & Stein, 1987; Faist et
al, 1996; Simonsen & Dyhre-Poulsen, 1999; Yang & Whelan, 1993). Factors known to

alter H-reflex amplitude include the level of background activation (Butler et al, 1993)
muscle length (Gerilovsky et al, 1989), movement velocity (Romano & Schieppati,
1987), activation history (Gregory et al, 1998; Proske et al, 1993), muscle composition
(Messina & Cotrufo, 1976), and the density of la projections to the motoneurone pool
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(Mendell & Henneman, 1971). Although several mechanisms have been proposed to
account for H-reflex modulation, such as homosynaptic post-activation depression
(Hultborn et al, 1996; Kohn et al, 1997) and pre-synaptic inhibition of Ia-afferents
(Brooke et al, 1995a; Capaday & Stein, 1986), the origin and functional significance of
such modulation is still unclear. Much of the debate concerning this issue may hinge
around methodological differences and the generalisation of findings between
functionally different tasks.

It is generally agreed that the H-reflex is strongly modulated throughout the gait cycl
(Capaday & Stein, 1986; Capaday & Stein, 1987; Faist et al, 1996; Garrett et al, 1994;
Simonsen & Dyhre-Poulsen, 1999; Yang & Whelan, 1993). For example, Capaday &
Stein (1986) reported an increase in SOL H-reflex amplitude late in the stance phase
when the triceps surae is active to propel the body forward and an absence during the
swing phase when the foot is dorsiflexed and SOL activation would hinder movement.
However, Yang & Whelan (1993) showed voluntary activation ofthe SOL while its Hreflex was depressed throughout the swing phase, indicating that this reflex modulation
was not merely a consequence of central drive and suggested pre-synaptic inhibition of
primary afferents as a likely mechanism. Moreover, Capaday & Stein (1987) reported
that when gait velocity increased from walking (4 km-h"1) to running (8 km-h"1), a
decrease in SOL H-reflex amplitude occurred despite increased underlying SOL
activation.

Functional reflex modulation has also been reported during landing and hopping tasks
(Dyhre-Poulsen et al, 1991; Moritani et al, 1990). In the study of Dyhre-Poulsen et al
(1991) the SOL H-reflex was strongly inhibited when landing from a downward jump
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with the inhibition commencing up to 100 m s prior to foot contact. During hopping,
however, the SOL H-reflex increased before foot contact despite a reduction in SOL
EMG and in the presence of antagonist activation. The functional significance of this
modulation was interpreted in relation to muscle stiffness and the transfer of muscle
function from a spring to a damping unit. Moritani et al. (1990) investigated reflex
modulation in two functionally different muscles, SOL and MG during hopping tasks of
different heights and frequencies. H-reflexes were modulated differently in the two
muscles with those in the 'fast' MG increasing as the amplitude and frequency of
jumping movements increased whereas those in SOL decreased. These findings support
the notion that these spinal reflexes are modulated in a manner to suit the functional
demands of the task. However, caution must be taken when interpreting the amplitude
ofthe reflex response in a functional sense, as Kearney et al. (1999) have reported that
the reflex EMG response does not necessarily correspond to the resultant reflex torque.

Regardless of the resultant torque contribution, modulation of reflex amplitude being
somewhat independent of central drive indicates that reflex magnitude is not merely a
reflection of motoneurone excitability, but can also be influenced by additional neural
mechanisms. In light of model based simulations of reflex output from a motoneurone
pool (Capaday & Stein, 1987), and experimental evidence from decerebrate cats
(Capaday & Stein, 1989) it is the prevailing view of the Capaday group that the
observed reflex modulation during gait was due to a centrally regulated increase in pre-

synaptic inhibition of la terminals. It was postulated that the functional significance of
such a mechanism was to reduce central gain of the stretch reflex to avoid saturation of
the motor output during running.
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Although Brooke et al. (1995b) agreed that the mechanism of this reflex depression was

acting at a pre-motoneuronal level, they suggested a peripheral origin for this inhibitor
influence. During passive stepping and cycling movements modulation of the SOL Hreflex corresponded to movements of the knee and hip joints and was attributed to the
influence of heteronymous Ia-afferents arising from the lengthening quadriceps muscles
(Brooke et al, 1995a). However, the relevance of these findings to reflex modulation
during human gait was recently challenged by Schneider et al. (2000) and Garrett et al
(1999), who found a limited influence of knee motion on SOL H-reflex modulation
during human gait. Unfortunately, the inhibitory influence of motion about the hip was
not controlled and therefore cannot be ruled out as a potential inhibitory mechanism.

Significant H-reflex depression has been recorded within 50 ms of the onset of passive
pedalling, a latency which precludes involvement of higher motor centres (Brooke et al.,
1995b). Similar rapid reflex modulation has been reported in spinal cord injured
patients during passive pedalling (Brooke et al, 1995b) and passive, sinusoidal ankle
rotations (Voigt & Sinkjaer, 1998), again suggesting a peripheral origin for this reflex
modulation.

Although some authors attribute inhibition of the SOL H-reflex to heteronymous laafferent influences resulting from hip and knee movement (Brooke et al, 1995a;
Misiaszek et al, 1995a), a long lasting reflex depression may also arise from
homonymous influences (Hultborn et al, 1996; Kohn et al, 1997; Wood et al, 1996).
Hultborn et al. (1996) investigated long lasting depression of the SOL H-reflex
following passive triceps surae lengthening. From experiments on both humans and

cats, it was suggested that the reduction in H-reflex amplitude was related to depression
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of la transmission specific to the afferent fibres related to the dynamic task
(homonymous Ia-afferents). Furthermore, this inhibition was seen without alteration to
motoneurone excitability and, although a dorsal root potential was recorded, indicating

activity of pre-synaptic inhibitory interneurones, the time-course of this potential (< 500
ms) was considerably shorter than the long-lasting inhibition ofthe H-reflex (8 to 12 s).
The authors postulated that this phenomenon was due to the reduced probability of
transmitter release from the la-fibres (homosynaptic post-activation depression) rather
than traditional GABAergic pre-synaptic inhibition (Hultborn et al, 1996).

Similar long lasting H-reflex depression (up to 15 s) has been reported following
passive triceps surae lengthening (Wood et al, 1996), during passive cycling
movements (Misiaszek et al, 1995a) and following a quadriceps tendon tap (Cheng et
al, 1995). In the study of Wood et al. (1996) equivalent experiments were performed in
the cat in which muscle spindle firing was assessed during the preceding muscle stretch.
Modulation of H-reflex amplitude appeared to coincide with increased muscle spindle
discharge associated with the preceding change in muscle length. However, in the
experiments of Misiaszek et al. (1995a) and Cheng et al. (1995) the ankle was braced to
prevent changes in SOL muscle length and, hence, prevent variations in the discharge of
homonymous Ia-afferents. Therefore, long-lasting H-reflex depression may occur in the
absence of homonymous la-afferent influences (Cheng et al, 1995; Misiaszek et al,
1995a) or without variations in the discharge of heteronymous Ia-afferents (Hultborn et
al, 1996; Wood et al, 1996). Based on these findings, one may speculate that: (i)
different peripherally mediated inhibitory mechanisms are responsible for the long
lasting H-reflex depression seen during single passive joint rotation and multi-joint
movements, or alternatively, (ii) a single, centrally modulated inhibitory mechanism is
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responsible for the long-lasting reflex modulation seen during both single and multijoint movements.

2.6 Summary
Although it is evident that muscle strain injuries have a major impact on our society in
both recreational and working environments, a comprehensive understanding of the
mechanisms behind this type of injury is lacking. A number of factors, including the
architecture and composition of a muscle can influence the susceptibility of muscle to
injury. The occurrence of a muscle strain injury may also involve the culmination of a
number of physical parameters including muscle extensibility, the strength ratio between
agonist and antagonist muscle groups and muscle fatigue. Despite these predisposing
factors, two elements that are almost always involved in a muscle strain injury are the
development of excessive muscle force and its occurrence during rapid muscle
lengthening.

Discrepancies between the in vitro force-velocity relationships of isolated animal
muscle and that of human muscle tested in vivo has generated considerable interest in
the regulation of muscle forces during dynamic muscle actions. The inability to activate
fully all motor units within a muscle, despite maximal voluntary effort, led to the
postulation of a neural-based tension-limiting mechanism designed to maintain muscle
forces within safe levels. Although it is an appealing notion that the human nervous
system has an in-built protective mechanism to prevent muscle strain injuries, this
hypothesis has not been fully investigated. It is therefore currently unclear whether the
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same inhibitory influence (the lack of increase in joint torque with increased lengthening
velocities) is present during submaximal voluntary activation.

Although an explanation for the discrepancies between human and animal force-velocity
relationships may be based on a unique process of the human nervous system, it may
just as well be accounted for by methodological factors. Traditional investigations of
the animal force-velocity relationship have been conducted on isolated whole muscles or
individual muscle fibres with muscle activation artificially induced by electrical pulses
or trains of pulses. The force-velocity relationship for human muscles, however, is
generally derived by measuring the joint torque-angular velocity relationship obtained
using isokinetic dynamometers. The resultant joint torque is the sum of all moments
acting about that joint and, consequently, is subject to the influence ofthe activation of
antagonist and synergist muscles. Furthermore, as the muscle moment acting about the
joint is determined by muscle forces and their moment arms, the joint torque-angular
velocity relationship may not accurately reflect the force-velocity relationship of an
individual muscle. Although the moment arms of TA and the triceps surae vary
depending on the joint angle and activation level (Maganaris et al. 1998a, 1999), the
effects of varying moment arms on the resultant joint torque may be minimised by
examining the relationship at a constant joint angle and with the same level of
activation.

As the activation of antagonist muscle groups will reduce the resultant torque recorded

about a joint, the contribution of this muscle activation to the resultant joint torque must
be quantified to enable a more accurate indication of the human force-velocity
relationship. Current methods employed to quantify the torque contribution of
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antagonist muscle activity rely predominantly on E M G recordings that are associated
with numerous limitations. Therefore, a more accurate representation of the human
force-velocity relationship is necessary and may be obtained by comparing the resultant
joint torque recorded before and after blocking of antagonist muscle activation.

The regulation of muscle force is a crucial factor in the development of muscle strain
injuries, so to is the ability to sense and respond to rapid changes in muscle length. The
H-reflex technique, when used appropriately, can be a useful tool to investigate the
transmission of sensory information within the neural pathways similar to that of the
stretch reflex. Although the influences of muscle length changes on H-reflex amplitude
have been investigated previously, many of these studies have incorporated multisegmental movements or movements performed over a large range of motion, both of
which can introduce confounding influences on the H-reflex response. Few studies have
investigated H-reflex modulation during single joint movements performed over a small
range of motion with recordings made at the same muscle length.

Based on the deficiencies noted in the literature and presented in this chapter, three
experimental studies were developed to investigate:
1) the nature of tension regulation during lengthening muscle actions;
2) the contribution of antagonist muscle activity to resultant joint torque; and
3) the modulation of H-reflexes during dynamic muscle actions.
The findings derived from these experiments will assist in understanding tension
regulation and the transmission of activity within sensory pathways during dynamic
muscle actions.
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C H A P T E R 3: Study I
Tension Regulation During Controlled Lengthening and
Shortening Actions of the Human Soleus Muscle

3.1 Objective
The force generated by lengthening of isolated animal muscle while under artificial
activation increases with the velocity of lengthening (Abbott & Aubert, 1951; Katz,
1939). The torque produced during maximal voluntary lengthening actions in humans,
however, fails to increase above the isometric level and appears to be independent of
lengthening velocity (Hageman et al, 1988; Westing & Seger, 1989). Supramaximal
electrical stimulation, when superimposed upon maximal voluntary knee extension
efforts in humans, has been shown to increase the torque produced during lengthening
actions but not when the muscle is shortening (Amiridis et al, 1996; Westing et al,
1990). The increased knee extensor torque during lengthening actions has been
attributed to the activation of motor units that were unable to be recruited during
maximal voluntary efforts (Westing et al, 1991). It has been postulated that the
inability to fully activate all motor units during maximal voluntary lengthening actions
may be attributed to the existence of a neural inhibitory mechanism that acts to restrict
torque production during lengthening actions to avoid possible soft tissue injuries.

Current knowledge of the in vivo joint torque-angular velocity relationship in humans
was derived, predominantly, from studies involving maximal voluntary efforts. If a
neural mechanism designed to limit muscle tension, thereby protecting against muscle
injury is evident during maximal activation, one may expect its influence to be
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diminished or non-existent under submaximal voluntary activation w h e n the likelihood
of sustaining a muscle injury is considerably reduced. However, no literature pertaining
to the joint torque-angular velocity relationship in humans performing submaximal
voluntary activations was located. Therefore, the purpose of Study I was to investigate
the influence of muscle activation characteristics, including the velocity and type of
muscle action as well as the intensity and mode of muscle activation (voluntary versus
electrical stimulation), on the human joint torque-angular velocity relationship.

To determine if the joint torque-angular velocity relationship ofthe human SOL muscle
is influenced by the muscle activation characteristics, the resultant joint torque was
recorded during controlled lengthening, shortening and isometric plantar flexion actions
at velocities ranging from 0°-s"1 to ± 30°-s"1§, under three different activation conditions:
1) maximal voluntary activation (MVA);
2) constant submaximal voluntary activation (SVA); and
3) constant submaximal electrical activation (SEA).

3.1.1 Hypotheses
The null hypothesis examined in this study was that there would be no significant main
effect of muscle activation characteristics on the joint torque-angular velocity
relationship in the human SOL muscle. In particular, it was hypothesised that:

1) there would be no significant main effect of activation condition (that is, MVA,
SVA or SEA) on the normalised joint torque-angular velocity relationship;

§

Positive angular velocities indicate shortening muscle actions, whereas negative velocities denote
lengthening actions.
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2) there would be no significant main effect of angular velocity on normalised
plantar flexion torque under the three activation conditions; and
3) there would be no significant main effect of angular velocity on normalised
EMG activity of the SOL, MG and TA muscles under the two voluntary
activation conditions (MVA and SVA).

3.2 Methods
3.2.1 Subjects
Eleven healthy male subjects with no history of traumatic ankle injury or neurological
disorder participated in the study. The mean and standard error of the mean (±

S.E.M.)

for age, height and mass ofthe subjects were 36 ± 3.2 years, 1.86 ± 0.02 m and 84 ± 2.0
kg, respectively. The experimental protocol was explained to the subjects, and their
informed consent to participate was obtained before testing. The study was approved by
the Human Ethics Committee of the Karolinska Institute, Sweden and was conducted
according to the National Health and Medical Research Council National Statement of
Ethical Conduct in Research Involving Humans (1999).

3.2.2 Experimental Apparatus
To accurately control ankle displacement, velocity and acceleration during the study,
subjects were required to perform isometric and dynamic (constant velocity) plantar
flexor efforts on a custom built, microprocessor controlled torque motor (see Figure
3.1). The error of the torque transducer at a tension of 100 Nm was 0.05%, thereby

corresponding to an error no greater than 0.5 Nm at that torque level. The sensitivity of
the motor position was within ±0.003°. The time and angular displacement before
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reaching constant angular velocity and the m e a n constant angular velocity recorded
during maximal and submaximal voluntary shortening and lengthening plantar flexor
efforts are presented in Table 3.1.

Figure 3.1 Experimental set-up in the flexed knee position.
Subjects knelt on a bench with their kneesflexedapproximately 120° from full extension
and their left foot securely attached to the ankle torque motor (see inset). The torque
motor was controlled by a microprocessor operated via a personal computer. Data were
amplified andfilteredbefore undergoing analogue-to-digital (A/D) conversion using a
16-bit Power 1401 D A C unit (CED, U K ) . Note the monitor placed in front of the
subject for visual feedback of S O L E M G R M S during constant submaximal voluntary
activation ( S V A ) trials. Inset: to minimise heel lift during plantar flexion efforts the
subject's foot was taped to a steel plate that was then securely attached to the ankle
torque motor by w a y of mounting screws and climbing harness material.

Although isokinetic assessment of human muscle strength is now quite common there
are numerous assumptions made when interpreting data obtained from these
experiments. These assumptions include:
1) a specific joint angle consistently reflects a specific muscle length;
2) constant angular velocity reflects a constant velocity of muscle lengthening or
shortening;
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3) the moment arm for a specific joint angle remains constant during the
experiment;

4) the resultant joint torque is proportional to the force of the agonist muscle; a
5) maximal voluntary effort represents the complete activation of all motor units.
The results ofthe present study were interpreted acknowledging these assumptions.

Table 3.1 Kinematic characteristics ofthe ankle torque motor.
Data are presented as the mean ± S.E.M. for angular velocity, time to reach constant
angular velocity, and displacement before reaching constant angular velocity recorded
during maximal and submaximal voluntary plantar flexor efforts ( M V A and SVA,
respectively). Trials were selected at random from the experimental trials conducted in
Study I (n = 10). Positive and negative velocities indicate shortening and lengthening
actions, respectively.

MVA

SVA

5.15+0.06

Displacement
Time to
constant
to constant
velocity (s) velocity (°)
0.06 + 0.01 0.25 ± 0.04

5.14 + 0.01

Displacement
Time to
to constant
constant
velocity (s) velocity (°)
0.04 ± 0.00 0.24 ± 0.04

15.25 + 0.02

0.12 + 0.02

1.70 + 0.29

15.34 + 0.01

0.07 ± 0.00

0.83 + 0.15

30.39 + 0.02

0.10 + 0.01

2.62 ± 0.25

30.38 + 0.01

0.07 + 0.01

1.44 + 0.13

-5.12 + 0.05

0.07 + 0.01

0.20 ± 0.04

-5.01+0.01

0.04 ± 0.00

0.24 ± 0.04

-15.13 + 0.08

0.09 ± 0.01

1.16 + 0.12

-15.12 + 0.01

0.06 + 0.00

0.51+0.13

-30.02 ± 0.04 0.12 + 0.01

3.07 ± 0.22

-30.13 + 0.01

0.09 + 0.01

2.83 + 0.15

Angular
velocity

rs-1)

Angular
velocity

rs-1)

3.2.3 Experimental Set-up

Due to the structural design of the ankle torque motor, testing was restricted to t
subject's left ankle. The ankle joint of each subject was aligned with the axis of

torque motor and, to minimise heel lift during plantar flexor efforts, the foot was

to a steel plate using non-elastic strapping tape and the plate was then secured to

torque motor by way of mounting screws (see Figure 3.1, inset). The foot was furthe
secured to the whole device using climbing harness material and a locking winch.
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A s the gastrocnemius muscle crosses the knee joint,flexionof this joint can effectively
reduce its length and thus reduce its motor unit activation and tension producing
capability (Cresswell et al, 1995; Herzog, 2000; Kawakami et al, 1998; Kennedy &
Cresswell, 2001; Tamaki et al, 1997). Therefore, to minimise contributions ofthe
gastrocnemius to plantar flexor torque, the subjects knelt on a test bench, which was
covered with a rubber mat, with the left knee flexed approximately 120° from full knee

extension5, thereby reducing the total plantar flexion torque production to approximately
60% of maximum.

3.2.4 Experimental Protocol

Subjects initially performed two isometric plantar flexor efforts at an ankle angle of 90
§§

under three test conditions:

1) maximal voluntary efforts were performed with the knee fully extended (180°) to
quantify the maximal plantar flexion torque generated, predominantly, by the
triceps surae (Kennedy & Cresswell, 2001);
2) maximal voluntary efforts were also performed with the knee flexed 120° from
full extension to quantify the plantar flexion torque produced when the biarticular gastrocnemius muscle was shortened markedly and its contribution to
plantar flexion torque reduced considerably; and
3) to determine the level of SOL activation required for the subsequent trials
performed in the SVA condition, submaximal voluntary efforts were performed

§

Full knee extension being 180°. Therefore, 120° of knee flexion produced an angle between the
posterior aspects ofthe thigh and the shank of 60°.
§§
A 90° ankle angle was defined as the angle formed by the plantar surface ofthe foot and the long axis of
the shank.
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at 30% of the torque produced during maximal voluntary effort with the knee
flexed 120°.

Two maximal voluntary isometric dorsiflexor efforts were also performed with the knee
flexed 120° and the ankle at 90°. The trial with the greatest magnitude of T A E M G was
used to normalise T A myoelectric activity during plantarflexorefforts (when T A was
acting as an antagonist) relative to myoelectric activity during maximal voluntary
activation (when T A was acting as an agonist).

Shortening and lengthening plantar flexor efforts were then performed in the flexed
knee position through 30° R O M (range: 75° to 105°) under two test conditions:
1) maximal voluntary activation ( M V A ) ; and
2) constant submaximal voluntary activation of S O L (SVA).

The level of SOL activation in the SVA condition was set to that required to perform an
isometric plantarflexionat 3 0 % of a maximal voluntary effort at an ankle angle of 90°.
S O L activation was assessed by calculating the R M S ofthe S O L E M G activity using an
analogue R M S integrator (NL 705, Neurolog, U K ) with a time constant of 500 ms. The
S O L E M G R M S was displayed in real time via a monitor positioned in front of the
subjects (see Figure 3.1). The required level of voluntary S O L activity was attained
before commencing the movement.

Once this level of S O L E M G R M S had been

attained and was considered stable (approximately 1 s), the ankle torque motor was set
in motion. During the movement subjects were required to modulate their level of effort
in order to maintain a constant level of S O L E M G R M S . Subjects were aware of the
direction of the applied torque before commencing the movement. A
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familiarisation trials were performed by subjects before each test velocity until they
could consistently maintain a constant level of S O L activation throughout the whole
movement.

Two trials for the MVA condition and 15 trials for the SVA condition were performed
at angular velocities of ±5, ±15, and iSO^s"1 through the same 30° of ankle
displacement. During pilot experiments it was determined that it was not possible for
subjects to consistently maintain a constant level of S O L E M G R M S at velocities
greater than ±30°-s"1. Therefore, the velocities of the present study were chosen to
provide a suitable range within this limit. Excluding familiarisation trials, subjects
performed a total of 90 S V A trials and 12 M V A trials. The S V A condition was
performed before the M V A condition in order to minimise potential effects of fatigue.
Furthermore, rest periods of at least 1 min between M V A trials and approximately 10 s
between S V A trials were also provided, while each test velocity was separated by 1 min
rest for both M V A

and S V A

conditions8.

Additionally, as maximal voluntary

lengthening actions have been shown to influence torque production during subsequent
shortening actions (Dudley et al, 1990), shortening trials were performed before
lengthening trials in all test conditions. T o minimise the possible influence of order
effects, the order of angular velocity was counterbalanced within each condition.

3.2.5 Electromyographic Recordings
Myoelectric activity of the S O L , M G and T A muscles were recorded during each trial
using bipolar Ag/AgCl surface electrodes (Sensor Medics Corp., U S A ) . The electrodes,
with a recording diameter of 2.5 mm and an inter-electrode distance of 15 mm, were

§

Rest periods longer than 1 min were provided for the slow velocity trials in the MVA cond
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placed over the belly of each muscle. The small detection area and inter-electrode
spacing, combined with careful electrode placement, were employed to minimise the
potential of cross-talk contaminating the EMG recordings. However, no attempt was

made to quantify the potential influence cross-talk in the present study. Before applying
the electrodes, the skin was shaved, abraded with sandpaper and cleaned with a 96%
alcohol solution. ECG electrode paste (Medicotest, Denmark) was then applied to
further reduce skin impedance. EMG signals were amplified x 1000 (Myosystem 2000,
Noraxon, USA) and bandpass filtered (5-300 Hz; NL125; Neurolog, UK) before
undergoing analogue-to-digital (A/D) conversion at a sample rate of 2.5 kHz using a
CED1401 and Spike2 data collection system (Cambridge Electronic Design, England).

3.2.6 Electrical Stimulation
The torque-velocity relationship was also investigated under submaximal electrical
activation (SEA) of SOL. Due to the uncomfortable nature of transcutaneous electrical

stimulation, only seven of the initial eleven subjects participated in these experiments.
The same experimental set-up was maintained as described previously (see Sections
3.2.2 and 3.2.3). Percutaneous electrical stimulation was applied to SOL via a GRASS
electrical stimulator (S8800) and constant current unit (CCU1A; GRASS Instrument
Co., Quincy Mass., U.S.A.) using 1 ms square-wave pulses at 50 Hz. Conductive
rubber electrodes were applied to the skin, one (60 mm x 35 mm) placed over the distal
aspect of SOL, the other (100 mm x 50 mm) placed distal to the heads of the
gastrocnemius muscle in an attempt to localise the stimulating current to the SOL
muscle. The current level was gradually increased until the resultant isometric plantar
flexor torque (90° ankle angle) corresponded to 30% ofthe maximal voluntary isometric
torque in the flexed knee position. At this current level the subjects experienced
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minimal discomfort. During the dynamic trials, electrical stimulation began before
subjects commenced the movement. Once the torque level had stabilised
(approximately 1 s), the ankle torque motor was set in motion and the electrical current
was maintained throughout the duration ofthe movement. Two submaximal electrically
evoked plantar flexor efforts were performed in both shortening and lengthening
conditions at the same velocities and over the same ankle displacement as previously
described (see Section 3.2.4). An isometric trial was performed at an ankle angle of 90°

before and after each dynamic trial as a check to ensure constant activation for each tes
condition.

3.2.7 Torque, Position and Velocity Recordings
Plantar flexor torque was measured using a torque transducer (Maywood Instruments
Ltd., England) located in the axle ofthe torque motor. The signal was amplified (Bofors
Elektronik, Sweden) and 50 Hz low-pass filtered (Neurolog, NL 125, Digitimer Ltd.,
England) before undergoing A/D conversion at a sample rate of 2.5 kHz using the
CED1401 and Spike2 system described previously (see Section 3.2.5). Position and
velocity signals were 50 Hz low-pass filtered and underwent A/D conversion in the
same manner as the torque signal.

3.2.8 Data Analysis
Data analysis was performed using Matlab (Mathworks, USA) and Origin (Microcal,
USA) software packages. To account for changes in muscle length, lever arm and

gravitational effects of the torque motor during constant velocity trials, angle specific
measurements were taken at a 90° ankle angle. To minimise torque variations due to
different levels of SOL EMG during the SVA condition, trials with a deviation of ±10%
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of the required SOL EMG RMS were excluded from further analysis. Due to this
exclusion criterion, the mean number of SVA trials analysed at each test velocity was 7
± 3 per subject. For the MVA and SEA conditions, the mean of two trials was
calculated for further analysis.

Torque data were reported as:
1) absolute values (Nm); and
2) normalised to the corresponding isometric value to enable comparisons between
conditions.

Myoelectric data were calculated as RMS values determined over a 200 ms epoch and
normalised to the corresponding isometric value for each test condition. To determine
the influence of knee flexion on plantar flexor torque and muscle activation,
comparisons were made between maximal voluntary isometric plantar flexor efforts in
the flexed and straight knee position.

3.2.9 Statistical Analysis
The group mean ± S.E.M. were calculated for all dependent variables. Normality ofthe
data was tested using the Shapiro-Wilks statistic. All but one ofthe dependent variables
did not violate these assumptions, therefore, a two-way repeated-measures analysis of
variance (ANOVA) design with two within subject factors (activation condition and
angular velocity) was used to test for main effects of activation condition and angular
velocity on the dependent variables. Post-hoc analyses were then performed Simple
effects and pairwise comparisons, with Bonferroni corrections for multiple comparisons,
to identify the nature of any significant main effect. The dependent variable that was
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not normally distributed was analysed using the non-parametric Wilcoxon matched pairs
test. Paired f-tests were used to test for significant differences between dependent

variables in the straight leg and flexed leg positions during maximal voluntary isometric
plantar flexion efforts. Significance was accepted at/? < 0.05. All statistical analyses
were performed using SPSS for Windows Version 10.0.1 (SPSS Inc.).

3.3 Results and Discussion
3.3.1 Maximal Voluntary Isometric Condition
The in vivo joint torque-angular velocity relationship of human muscle has been most
often studied in complex biarticular muscle groups such as the quadriceps (Colliander &
Tesch, 1989; Dudley et al, 1990; Perrine & Edgerton, 1978; Seger et al, 1988; Westing
et al, 1988) and the triceps surae (Fugl-Meyer et al, 1980; Gerdle & Langstrom, 1987;
Wickiewicz et al, 1984). To investigate this relationship in a less complex system, an
attempt was made to isolate the torque contribution of the uniarticular SOL muscle,
which also has a relatively homogenous slow motor unit population (Type I, 65%; from
Edstrom et al, 1982), from the triceps surae muscle group. This was achieved by
flexing the knee 120° from full extension, thereby reducing the length of the
gastrocnemius without altering SOL muscle length.

The effect of this knee flexion on myoelectric activity can be observed in Figure 3.2, in
which normalised values for peak torque and EMG RMS during maximal voluntary

isometric plantar flexor efforts in the straight and flexed knee positions are displayed.
Peak plantar flexor torque decreased 30% from the straight knee position (216.6 ± 6.56
Nm) to the flexed knee position (153.0 ± 5.40 Nm; t = 16.14,/? < 0.01). This significant
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decrease was attributed primarily to a shorter M G

muscle length, which was

accompanied by a 63% decrease in MG activation (straight leg - 0.34 ± 0.05 mV; flexed
leg - 0.13 ± 0.02 mV; t = 7.08,/? < 0.01).

H^n

Torque

MG

SOL

TA

TA DF

Figure 3.2 Torque and myoelectric activity during maximal voluntary isometric
plantarflexorefforts.
M e a n ± S.E.M. torque and myoelectric activity during maximal voluntary isometric
plantar flexor efforts in straight (filled columns) and flexed (open columns) knee
positions. T A in the straight and flexed knee positions were normalised to T A
activation during m a x i m u m voluntary isometric dorsiflexion (DF, shaded column). *
indicates a significant difference between straight andflexedknee angles,/? < 0.05.

The influence of knee angle on plantar flexion torque has been well documented
(Cresswell et al, 1995; Kawakami et al, 1998; Kennedy & Cresswell, 2001; Miaki et
al, 1999). Knee flexion alters mechanical characteristics of MG and LG muscles such
as causing a reduction in fascicle length and increased pennation angles, the altered
muscle architecture reducing the muscle force transmitted to the tendon (Kawakami et
al, 1998). Changes in muscle length have also been shown to alter the activation
characteristics ofthe triceps surae (Kawakami et al, 1998; Kennedy & Cresswell, 2001;
Miaki et al, 1999; Tamaki et al, 1997). At shorter muscle lengths, the decrease in MG
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and LG activation have been associated with increased force thresholds for the onset of
motor unit firing.

It was somewhat surprising to find that flexing the knee also resulted in a significant
10%o reduction in SOL activation (straight leg = 0.11 ± 0.03 mV; flexed leg = 0.10 ±
0.03 mV; t = 2.66, p = 0.02), a finding not previously seen by Cresswell et al. (1995)
when using the same protocol. Similar investigations have reported increased SOL
activation when the knee was flexed while performing fatiguing isometric plantar
flexions (Miaki et al, 1999) and with increasing angular velocity during dynamic
plantar flexion efforts (Tamaki et al, 1997). The difference in experimental tasks and

the subject positioning may account for the discrepancies in the influence of knee angle
on SOL activation. However, the 30% reduction in maximal plantar flexion torque in
the flexed knee position is predominantly attributed to the 60% reduction in MG EMG
RMS rather than the 10% reduction in SOL EMG RMS. TA EMG RMS in both the
flexed and straight knee positions was approximately 10% of TA EMG RMS during a
maximal voluntary isometric dorsiflexor effort. As the length of TA is not influenced

by changes in knee angle it was not surprising to find no significant difference between
TA EMG RMS in the straight and flexed knee positions (straight leg = 0.01 ± 0.00 mV;
flexed leg = 0.01 ± 0.00 mV; t = 0.98, p = 0.35).

3.3.2 Torque-Velocity Relationships
Recordings from one representative subject during maximal and submaximal voluntary
lengthening and shortening plantar flexor efforts are presented in Figure 3.3A and B,
respectively. Similar recordings during SEA are presented in Figure 3.4. Normalised
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and absolute torque values at each velocity for all test conditions are shown in Figu
3.5 and Table 3.2, respectively.
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Figure 3.3
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Shortening
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data recordings from one subject during lengthening and

shortening voluntary plantarflexionefforts at ±15°s"1.
Representative data from one subject recorded under M V A (A) and S V A (B) conditions
during lengthening and shortening plantarflexorefforts. Dotted vertical lines indicate a
90° ankle angle.
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Figure 3.4

R a w data recordings from one subject under artificial activation of

S O L during lengthening and shortening actions at ±15°s" .
Dotted vertical lines indicate the 9 0 ° ankle angle. Myoelectric activity w a s not recorded
during S E A trials.
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A significant main effect of activation condition on normalised plantar flexion torque
was identified (F2,20 = 14.21; p < 0.001; see Figure 3.5), which was mediated by a
significant condition by velocity interaction (F12,]20 = 34.76; p < 0.001). Simple effects
analysis showed a significant effect of activation condition at all three lengthening
velocities (F2,20 = 53.69; p < 0.001; F2;20 = 22.24; p < 0.001; F2,20 = 24.69; p < 0.001 at 30, -15 & -S°-s'\ respectively) and at +15 and +30°-s"' during shortening actions (F2;20 =
14.13; p < 0.001 and F2;20 = 54.42; p < 0.001, respectively). Pairwise comparisons with
Bonferroni adjustment for multiple comparisons were then performed to identify the
nature of this effect. These comparisons revealed that normalised plantar flexion
torques were significantly greater in the SEA condition than in the MVA and SVA
conditions at each lengthening velocity (see Figure 3.5). In contrast, during shortening
actions MVA produced significantly greater relative torques than either SVA or SEA at
the two faster angular velocities (see Figure 3.5).

The difference in lengthening plantar flexion torque in SEA trials compared to those for
the MVA and SVA conditions suggests that tension regulation during lengthening
actions is strongly modulated during voluntary activation regardless of the intensity of
activation. This finding suggests that: i) a neurally modulated tension limiting
mechanism is present during voluntarily activated lengthening actions regardless of the
level of activation; and ii) .the inhibition of lengthening torque during MVA may not be
a 'safety mechanism' to prevent muscle damage, but may in fact be an innate
characteristic of voluntary activation.

During shortening muscle actions, the plantar flexion torque during MVA was
modulated in a different manner to that for the SVA and SEA conditions. This suggests
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that activation intensity is an important factor in the regulation of tension during muscle

shortening and that the neural control strategies are likely to differ between lengthenin
and shortening muscle actions.

Plantar Flexion Torque
(Normalised to isometric)

-5

0

+5

+15

+30

1

Angular Velocity (°s" )
Figure 3.5 Normalised plantar flexor torque-velocity relationships.
Data are presented as means ± S.E.M. plantar flexion torque normalised to the
corresponding isometric value for M V A (boxes), S V A (circles) and S E A (triangles).
Note the significantly higher torque produced for S E A compared to M V A and S V A
during lengthening and the significantly greater M V A torque compared to S V A and
S E A torque during shortening. * indicates significant difference between S E A versus
M V A , and S E A versus S V A conditions; t indicates significant difference between
M V A versus S E A and M V A versus S V A conditions. Lengthening torque in S E A and
shortening toques in all conditions were significantly different from the isometric value
(p < 0.05).

A significant main effect of angular velocity on normalised plantar flexion torque was
identified (F6,6o = 191.61; /? < 0.001). Simple effects analysis revealed a significant
effect of angular velocity in all three activation conditions (F6> 60

=

68.14; p < 0.001;

F6;6o = 38.16; p < 0.001; F6j60 = 144.95; p < 0.001 for SVA, MVA and SEA conditions,
respectively). Pairwise comparisons with Bonferroni adjustment revealed that the
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torques produced during lengthening actions were significantly greater than those during
shortening actions at the corresponding test velocities for each activation condition.
Furthermore, in both the MVA and SVA conditions lengthening torques were not
significantly different from the isometric torque. In contrast to the voluntary
lengthening actions, torques produced during SEA at the three lengthening velocities
were significantly greater than the isometric torque (see Figure 3.5).

Table 3.2 Plantar flexor torque data.
Data presented as the m e a n ± S.E.M. plantarflexortorque ( N m ) measured at an internal
ankle angle of 90° at each angular velocity. For M V A and S V A , n = 11, for S E A , n = l.
Angular Velocity (°-s])

Test
Condition

-30

-15

-5

0

+5

+15

+30

MVA

143 + 5

143 + 7

142 + 6

154 + 5

114 + 6

109 + 4

107 + 4

SVA

44+1

45+1

49+1

46 + 2

31 + 1

19±1

13 + 1

SEA

63+4

59 + 3

60 + 3

46 + 3

29 + 2

23 + 1

15 + 1

Normalised torques produced during shortening actions at each angular velocity were
significantly smaller than the corresponding isometric torque for each activation
condition (see Figure 3.5). During MVA shortening actions there were no significant
velocity-dependent changes in plantar flexor torque. However, torques produced in the
SVA and SEA conditions exhibited velocity-dependent changes during shortening
actions (see Figure 3.5). For both the submaximal conditions, pairwise comparisons
revealed that the torques produced at +15°-s"1 were significantly less than at +5°-s"1 (t10
= 0.219,/? < 0.001 and tJ0 = 0.142,/? < 0.01 for SVA and SEA, respectively; see Figure
3.5) and plantar flexion torques at +30°-s"1 were significantly less than at +150-s_1 (t]0 0.136,/? < 0.05 and t10 = 0.148,/? < 0.01 for SVA and SEA, respectively).
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The independence of plantar flexor torque with velocity during maximal voluntary
lengthening activations of SOL reported in the present study is consistent with previous
reports for the voluntarily activated human knee extensors (Seger et al, 1988; Westing
et al, 1988; Westing et al, 1991). Only one study was located in which voluntary
torque during lengthening elbow flexor efforts increased at faster lengthening velocities
(Komi, 1973). The interpretation ofthe later findings is confounded by the fact that the
isometric torque level was not reported and no statistical comparisons of the data were
made (see Section 2.3.3).

Surprisingly, the torque produced during maximal voluntary shortening actions was
independent of angular velocity. This finding was inconsistent with most previous
reports for the triceps surae (Fugl-Meyer et al, 1979; Fugl-Meyer et al, 1980; Gerdle &
Langstrom, 1987; Wickiewicz et al, 1984) and the knee extensors (Dudley et al, 1990;
Seger et al, 1988; Westing et al, 1988; Westing et al, 1991), where there is essentially
a curvilinear decrease in torque with increasing shortening velocity. However, these
previous studies are not directly comparable with the present study as the range of
velocities tested in those studies was between 5 to 10 times greater than the range used
in this investigation. When a similar low range of velocities were investigated by Seger
& Thorstensson (2000) in the knee extensors (10 to SC-s"1), torque showed no decrease
with increased velocity of shortening. This finding, consistent with the results of the
present study, appears to indicate that a flattening ofthe torque-velocity curve occurs as
shortening velocities approach zero. It should be noted that in the present study, in 5 of
the 11 subjects plantar flexion torque decreased at faster shortening velocities.
However, despite a velocity-dependent decrease in shortening torque, the slopes of these
individual torque-velocity curves were considerably flatter than the traditional
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curvilinear force-velocity curves. Deviations from the classic force-velocity curve have
also been reported at slower shortening velocities by Perrine & Edgerton (1978). These
authors found in some subjects lower maximal voluntary knee extensor torques at the
two slowest velocities (< 96°-s"]) and proposed the existence of a neural inhibitory
mechanism responsible for limiting tension at slow shortening velocities.

Edman (1988) also noted that the flat portion of the force-velocity curve in isolated
animal muscle extended to lengthening actions with values up to 1.6 PQ. Additionally,
muscle tensions produced between 0.9 and 1.2 P0 have been recorded with as little as 1
to 2% variation in maximal shortening velocity (Edman et al, 1988). The functional
significance of this flattened force-velocity relationship may be evident when
considering the mechanical stability of the muscle fibres. In the event of a sudden
increase in applied load the muscle fibres will be able to accommodate this extra force
with little change in muscle length. The prevention of unnecessary muscle lengthening
in the presence of high muscle forces may limit the extent of non-uniform sarcomere
lengthening, thereby reducing the potential susceptibility to muscle damage (see Section
2.3.5).

3.3.3 Lengthening:Shortening Torque Ratios
In the SEA condition, the resultant joint torque-angular velocity curves were similar to
the force-velocity relationship reported for isolated animal muscle as they showed
velocity-dependent increases and decreases in lengthening and shortening torques,
respectively, at faster velocities. However, in doing so, the SEA torque curves differed
from the MVA and SVA joint torque-angular velocity relationships, which displayed
considerably less modulation across velocities. These differences in velocity dependent
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modulation of plantar flexion torque are particularly evident when examining the

lengthening:shortening torque ratios (see Table 3.3). This ratio quantifies the differenc
between lengthening and shortening torques at each corresponding angular velocity, a
positive ratio indicating that the torque produced when the muscle is lengthening is
greater than during shortening muscle actions.

Table 3.3 Lengtheningrshortening torque ratios.
Plantar flexor torque ratios are presented for each angular velocity in the three test
conditions. For M V A and S V A , n = 11, for S E A , n = 7 (f indicates significantly
different from S E A condition, * significantly different from M V A condition; p < 0.05).
Angulai• Velocity (°-sA)

Test
Condition

±5

±15

±30

MVA

1.251"

1.32

1.35

SVA

1.64*

2.53*

3.89*

SEA

2.17

2.73*

4.47*

There was a significant main effect of activation condition on lengthening:shortening
torque ratios (F6,64 = 7.076, /? < 0.001). For the slowest angular velocity (S^s'1), the
lengthening: shortening ratio was significantly greater for SEA than for either MVA or
SVA condition (SEA versus MVA, p < 0.001; SEA versus SVA, p = 0.013). For the

two faster test velocities (15°-s_1 and SO0*"1) the ratio was significantly greater for bot
SVA and SEA conditions (approximately 200 and 400% more torque during
lengthening, respectively) when compared to the MVA condition (approximately 130%
more torque during lengthening), thereby demonstrating a greater difference between
lengthening and shortening actions in the two submaximal conditions (see Table 3.3). If
we consider the SEA condition to truly offer constant drive to the muscle, we must
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conclude that torque production during voluntary activations, whether maximal or
submaximal, is strongly modulated via neural mechanisms.

3.3.4 Muscle Activation-Angular Velocity Relationships
Myoelectric activity of all muscles at each test velocity during MVA and SVA

conditions are presented in Figure 3.6 to Figure 3.8. The prescribed criteria to maintai
a constant level of SOL EMG RMS during SVA (± 10% of SOL EMG RMS during an

isometric plantar flexor effort at 30%> of maximal effort) resulted in exceptionally sma
variance within the recorded SOL myoelectric data (see Figure 3.6).

SOL EMG RMS
(Normalised to isometric)
1.50
1.25

0.75
- 0.50
0.25
Shortening

Lengthening
— i —

-30

-15

-5

0

+5

+15

+30

Angular Velocity (°-s"1)
Figure 3.6 S O L normalised E M G - a n g u l a r velocity relationships.
Data recorded from S O L under M V A (boxes) and S V A (circles) conditions during
plantar flexor efforts. Data are presented as means ± S.E.M. of E M G R M S . Error bars
are present although difficult to see because ofthe small S.E.M.* indicates a significant
difference from the isometric value in the M V A condition (p < 0.05).
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Statistical analysis revealed significantly lower SOL EMG RMS during the slowest
lengthening trial (-S^s"1) when compared to its activation during the maximal isometric
plantar flexor effort (T < 0.01, Z - 1.95; p < 0.01; see Figure 3.6). Although not
significantly different, there was a tendency for SOL EMG RMS to be lower for
lengthening than shortening actions during maximal voluntary plantar flexor efforts,
particularly at slower velocities (see Figure 3.6).

There was no significant main effect of angular velocity on MG EMG RMS in either the
MVA or SVA conditions (F6,70 = 1.700, p = 0.134; and F6,70 = 1.762, p = 0.120,
respectively). Although not significant, MG EMG RMS increased at faster test
velocities during both MVA and SVA lengthening actions and for MVA shortening
actions (see Figure 3.7). However, it should be remembered that, due to its shortened
muscle length, MG was only activated at approximately 40% of its maximal voluntary
level during the current test conditions. Therefore, its contribution to the resultant
plantar flexion torque was considered to be minimal.

A similar variation in EMG during maximal voluntary knee extensor efforts has been
reported by Westing et al. (1991). In their study, knee extensor activation did not
change with lengthening velocity, however, the myoelectric activity was significantly
less during lengthening actions compared to shortening actions. Additionally, during
maximal shortening actions, knee extensor activation at slower velocities were
significantly lower than those at faster shortening velocities. Furthermore, torque output
during lengthening actions has been shown to increase when supramaximal electrical
stimulation was superimposed upon the maximal voluntary effort (Amiridis et al, 1996;
Westing et al, 1990). These findings add support to the theory of a neural inhibitory
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mechanism limiting complete voluntary muscle activation and hence torque production
during lengthening actions.

MG EMG RMS
(Normalised to isometric)
2.0 n

-30

-15

-5

0

+5

+15

+30

1

Angular Velocity (°-s~ )
Figure 3.7 M G normalised EMG-angular velocity relationships.
Data recorded from M G under M V A (boxes) and S V A (circles) conditions during
plantarflexorefforts. Data are presented as means ± S.E.M. of E M G R M S .

The inability to activate fully all motor units, despite maximal voluntary effort, has been
proposed as a tension regulating mechanism, limiting the possibility of soft tissue
injuries during high-tension loading conditions (Westing et al, 1991). If such a tension
regulating mechanism exists, the effects of this inhibition may be expected to diminish,
or no longer exist, when the muscle is activated to submaximal tension levels. As the
lengthening torque-velocity relationship during SVA was similar to that for MVA,
inhibition also seems to be present during submaximal voluntary activations. This
finding suggests that the downward regulation of lengthening torque is not limited to
maximal efforts but may be an inherent characteristic of voluntarily activated
lengthening muscle.
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Significant main effects of both activation condition and angular velocity on T A R M S
EMG were identified (Fuo = 28.231, p < 0.001; and F6;60 = 13.604, p < 0.001,
respectively), which were mediated by a significant condition by velocity interaction
(F6,60 - 11.418, p < 0.001). Simple effects analysis revealed significant differences
between in TA EMG RMS between SVA and MVA conditions at each angular velocity
(Fi,10 = 26.97,/? < 0.001, F,,10 = 17.62,/? = 0.002, Flfl0 = 22.16,/? = 0.001, F1>]0 = 23.44,

p = 0.001, Fi.io = 12.43,/? = 0.005, and F1>10 - 16.89,/? = 0.002, for angular velocities o
-30, -15, -5, +5, +15 and +30°-s"1, respectively). Pairwise comparisons indicated that at
each angular velocity normalised antagonist (TA) activation was significantly greater
during S V A than M V A .

TA EMG

RMS

(Normalised to isometric)
3.5

T

-30

-15

-5

0

+5

+15

+30

Angular Velocity (°-s"1)
Figure 3.8 T A normalised E M G - a n g u l a r velocity relationships.
Data recorded from T A under M V A (boxes) and S V A (circles) conditions during
plantarflexorefforts. Data are presented as means ± S.E.M. of E M G R M S . Error bars
are present although difficult to see because of the small S.E.M. * indicates S V A
significantly greater than M V A trials at the corresponding velocities and significantly
greater than the isometric value and corresponding shortening values in the S V A
condition (p < 0.05); t indicates significant difference from corresponding lengthening
value in the M V A condition (/? < 0.05).
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Simple effects analysis revealed a significant effect of angular velocity on T A

EMG

RMS in both the SVA and MVA conditions (F6)60 = 15.01,/? < 0.001 and F6,6o = 6.57,/?
< 0.001, respectively). Interestingly, pairwise analysis revealed that TA RMS EMG
during SVA lengthening SOL actions were significantly greater than that recorded
during the isometric trials and during each corresponding shortening SOL action (see
Figure 3.8). During the MVA condition, TA RMS EMG at a lengthening velocity of30°-sA was significantly greater than TA activation during the corresponding shortening
velocity (see Figure 3.8). It is possible that greater activation ofthe antagonist muscle,
TA, was responsible, in part, for the inhibition of lengthening plantar flexor torque,
particularly under submaximal voluntary activation. The possible role of antagonist
activation as a tension-limiting mechanism was therefore investigated in Study II.

3.4 Summary
Study I was conducted to determine the influence of activation characteristics on tension
regulation during dynamic muscle actions. Data from the present study failed to support
the null hypothesis as statistical analysis revealed significant main effects of angular
velocity on plantar flexion torque and EMG RMS when performed under the three
activation conditions; MVA, SVA, and SEA. Furthermore, a significant main effect of
activation condition on the normalised plantar flexion torque was also identified.

Tension regulation during the three activation conditions differed depending on the type
of muscle action and the intensity of activation. During shortening muscle actions, the
MVA condition produced significantly greater normalised torques and responded
differently across angular velocities when compared to the SVA and SEA conditions.
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W h e n lengthening muscle actions were performed, however, plantar flexor torque
produced under artificial muscle activation (SEA) differed in the magnitude and
velocity-dependent modulation when compared to the two voluntary activation
conditions (MVA and SVA).

The activation type dependence of tension regulation during controlled lengthening and
shortening of the soleus muscle may be indicative of different neural control strategies
employed during lengthening and shortening actions ofthe SOL muscle. Several neural
pathways that contain well known inhibitory influences on the agonist motoneurone
pool could potentially contribute to this tension regulating mechanism. Such inhibitory
pathways include:
1) homosynaptic post-activation depression;
2) recurrent inhibition;
3) reciprocal inhibition;
4) presynaptic inhibition;
5) inhibition from golgi tendon organs via lb pathways; and
6) inhibitory influences from Group-Ill and IV afferents.

As mentioned previously (see Section 2.4) co-activation of antagonist muscles will
reduce the resultant joint torque output and, therefore, may also act as a tension
regulating mechanism. Although all of these mechanisms could potentially reduce the
resultant joint torque, the present study was not designed to investigate the extent to
which each mechanism contributes to the observed tension regulation. However, the
inhibition of lengthening torque during SVA was associated with significantly greater
activation of the antagonist muscle, TA. Therefore, it is possible that antagonist co99
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activation was responsible for the tension regulation during submaximal voluntary
lengthening actions.
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C H A P T E R 4: Study II
Is Antagonist Co-activation a Tension-limiting Mechanism
During Lengthening Muscle Actions?

4.1 Objective
As indicated in Study I, the torque produced during submaximal lengthening plantar
flexor efforts was less than that predicted by the traditional force-velocity relationship.
Additionally, activation of the antagonist muscle, TA, was significantly greater during
lengthening compared to shortening plantar flexor efforts. As the resultant joint torque
is the sum of all torques acting about that joint, activation of antagonist muscles will
reduce the effective joint torque produced by the agonist muscle group. Therefore, coactivation of antagonist muscles has a possible role in mediating net joint torque during
submaximal plantar flexor efforts.

Previous attempts have been made to estimate the torque contribution of antagonist
activation by predicting muscle forces based on the electrical activity recorded from the
muscles (see Section 2.4.1.4 for references). Many factors influence the level of
antagonist activation, including the muscle action type, muscle length, movement
velocity, and the level of voluntary effort. The relationship between the magnitude of
EMG and resultant joint torque is known to vary throughout the range of motion due to
the influence of joint angle on muscle length and lever arm. Consequently, the
relationship between EMG and resultant joint torque is not well established for dynamic
muscle actions. Furthermore, methodological factors associated with the recording and
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presentation of myoelectric data may account for the inconsistencies in the level of
antagonist activation reported in the literature (see Section 2.4.1.4).

Mathematical models, incorporating various components ofthe musculoskeletal system,
have also been developed to predict individual muscle forces (see Section 2.4.1.4).
These models, however, are based on several assumptions and are difficult to validate.
Therefore, the results of such models may be limited in their application to predicting
dynamic muscle forces produced in-vivo.

A more accurate quantification of the joint-torque:angular-velocity relationship of the
isolated SOL muscle may be obtained by eliminating activation of the antagonist
muscles. Furthermore, the difference between the resultant joint torque produced before
and after removal of antagonist activation will enable quantification of the torque
produced by the antagonist muscles. Therefore, the purpose of this study was to
quantify the true joint-torque:angular-velocity relationship of SOL, and to determine the
contribution of the antagonist muscle, TA, to resultant plantar flexion torque, by
blocking antagonist activation.

4.1.1 Hypothesis
To determine the influence of antagonist co-activation on resultant joint torque, the
torque-angular velocity relationship of SOL was determined before and after application
of an anaesthetic block of the common peroneal nerve (CPN), thereby eliminating
antagonist activation. The null hypothesis examined in this study was that there would
be no significant main effect of block condition (pre-block versus post-block) on the
normalised joint torque-angular velocity relationship ofthe human soleus muscle.
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4.2 Methods
4.2.1 Subjects
Seven healthy male subjects with no history of traumatic ankle injury or neurological
disorder participated in the study. The mean (± S.E.M.) for age, height and mass ofthe
subjects were 30.2 ± 2.2 years, 1.77 ± 0.03 rn and 79.5 ± 2.7 kg, respectively. The
experimental protocol was explained to the subjects, and their informed consent to
participate was obtained before participating in the experiments. The study was
approved by the Human Ethics Committee ofthe Karolinska Institute, Sweden and was
conducted according to the National Health and Medical Research Council National
Statement of Ethical Conduct in Research Involving Humans (1999).

4.2.2 Experimental Protocol
The experimental apparatus and set-up was identical to that described in Study I (see

Sections 3.2.2. and 3.2.3 for details). Using this set-up, subjects initially performed tw
isometric actions in each ofthe following conditions:
1) maximal voluntary isometric plantar flexor efforts were performed to enable
normalisation ofthe plantar flexor torque and the EMG of SOL and MG;
2) submaximal voluntary plantar flexor efforts (performed at 30% of the torque
produced during maximal voluntary effort) were performed to determine the
required level of SOL activation for dynamic trials under submaximal voluntary
activation (SVA); and
3) maximal voluntary isometric dorsiflexor efforts were performed to enable
normalisation of antagonist, TA, activation.
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For maximal voluntary plantar flexion and dorsiflexion trials, the mean joint torque and
EMG RMS were calculated over 1 s after the torque had plateaued and the greater ofthe
two trials was defined as the maximal voluntary isometric force and EMG, respectively.
For the isometric SVA condition, the SOL EMG RMS of the two trials were averaged
and set as the level of SOL activation to be maintained during the dynamic SVA trials.

Shortening and lengthening plantar flexor efforts were then performed at angular
velocities of ±5, ±15 and ±30°-s"1 through 30° of ankle displacement (75° to 105°, ankle
angle§) while maintaining constant SVA of SOL as described in Study I (see Section
3.2.2). Five subjects participating in Study II were also subjects for Study I and were
familiar with the novel task of maintaining SVA. Therefore, the criteria for maintaining

constant voluntary activation in Study II was more stringent than for Study I, providing a
more consistent level of activation throughout each trial. Trials in which the RMS of
SOL EMG was greater than ± 5% of the desired level were excluded from further

analysis§§. The trials were repeated at each angular velocity until seven successful trials
were recorded.

As the intensity of activation in the SVA condition was relatively low (that is, 30% of
maximal voluntary effort), muscle fatigue was not considered to be a confounding factor
for the resultant plantar flexion torque as it was for the MVA condition in Study I (see
Section 3.2.4). Therefore, in Study II, the testing order of both velocity and muscle
action type was counterbalanced.

§
§§

Ankle angle conventions are described in Section 3.2.2.
The criteria used in Study I accepted trials with errors within ± 1 0 % ofthe desired SOL R M S level.
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4.2.3 Electromyographic Recordings
Myoelectric activity of the SOL, MG and TA muscles were recorded during each trial
using surface electrodes (SOLs, MGS, and TAS, respectively) following the same
protocol as described in Study I (see Section 3.2.5). Bipolar Ag/AgCl surface electrodes
(Sensor Medics Corp., USA; recording diameter of 2.5 mm and inter-electrode distance
of 15 mm) were again used to record muscle activation during each trial as well as
enabling direct visual feedback of SOL EMG RMS during SVA trials. EMG
preparation and recording parameters were identical to those described in Study I for
surface EMG recordings (EMGS).

Cross-talk recorded from TA electrodes has been reported to exceed 10% of maximal
voluntary activation during maximal plantar flexion efforts (Koh & Grabiner, 1993).
Therefore, to confirm that EMG recordings from surface electrodes were not
contaminated by cross-talk from surrounding muscles, myoelectric activity was also
recorded from SOL, MG and TA, using fine-wire intramuscular electrodes (SOLjm,
MGjm and TAjm, respectively). Custom-built fine wire electrodes were constructed from
teflon coated, stainless steel wire (AG 7140T, Medwire, U.S.A.; detection length of
2 mm and inter-electrode distance of approximately 5 mm). Sterile hypodermic needles
(0.8 mm x 80 mm) were used to insert the intramuscular electrodes into the belly of
each muscle alongside EMGS electrodes (see Figure 4.1). The small detection area and

inter-electrode distance of these fine-wire electrodes reduced the likelihood of recordi
electrical activity from surrounding muscles.

EMGjm recordings were amplified xlOOO (Myosystem 2000, Noraxon, USA) and bandpass filtered between 5 and 800 Hz (NL125; Neurolog, UK). Plantar flexor torque,
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ankle angle and angular velocity data were also recorded following the same procedures
as in Study I (see Section 3.2.7 for details).

Figure 4.1 Electrode set-up for surface and intramuscular E M G recordings.
T o confirm that E M G recordings were not contaminated by cross-talk from surrounding
muscles, fine-wire intramuscular electrodes (EMGim) were inserted into the muscle
bellies of S O L , M G and T A . Surface electrodes ( E M G S ) were positioned either side of
the intramuscular electrodes over the muscle bellies of S O L (right panel), M G and T A .

4.2.4 Anaesthetic Block of the Common Peroneal Nerve (CPN)
Transmission in the CPN was blocked by injecting 5-10 ml Lidocain (1%) posterior to
the fibula head, at the most superficial location of the CPN (see Figure 4.2). In the

present study, the same qualified medical practitioner administered the anaesthetic blo
for each experiment. Gandevia et al. (1993) and Sinkjaer et al. (1995), among others,
have employed similar procedures to successfully block transmission within the CPN,
thereby eliminating activation of TA.
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Figure 4.2 Anaesthetic block ofthe c o m m o n peroneal nerve.
T o eliminate voluntary activation of the antagonist, T A , a local anaesthetic (Lidocain;
1%, 5 - 10 ml) was applied to the c o m m o n peroneal nerve just posterior to the head of
the fibula.

Approximately 5 min after the injection subjects were asked to perform a small
voluntary dorsiflexor effort and EMGS and EMGim recordings were visually inspected
for the presence of EMG activity. This procedure was repeated every minute until
voluntary effort failed to elicit activity in EMGS or EMGim recordings. To confirm that
the anaesthetic injection was effective in eliminating antagonist activity, maximal Mwaves were recorded from TA in response to supramaximal stimulation ofthe CPN (see
Figure 4.3). The M-wave is the myoelectric response to direct stimulation ofthe motor
fibres within a peripheral nerve (see Section 2.5.3). The presence of an M-wave would
indicate an incomplete block of the CPN and, subsequently, an additional 5 ml of
Lidocain was injected and the procedures repeated until the effectiveness of the block
was confirmed. The SOL M-wave was also evaluated, via supramaximal stimulation to

the tibial nerve, to ensure that the anaesthetic did not influence transmission within th
tibial nerve. Following confirmation ofthe neural block, the experimental protocol was
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repeated as for the pre-block condition. Neural transmission returned approximately
two hours after completion ofthe experiment.

Pre-block

Post-block

SOL

TA

V^w

2mV
50ms

Figure 4.3 Maximal M - w a v e responses recorded before and after anaesthetic
block of the C P N .
Recordings are shown for T A S and S O L s M-waves elicited by stimulation of the C P N
and tibial nerves, respectively, before (left panel) and after (right panel) application of
the anaesthetic nerve block to the C P N . The T A M-wave was abolished by the
anaesthetic block, whereas the M-wave of S O L was remained unchanged.

4.2.5

Data Analysis

To account for changes in muscle length, lever arm and gravitational effects of the
torque motor during constant velocity trials, angle specific measurements were taken at
a 90° internal ankle angle. To enable comparisons between conditions, torque and EMG
RMS values were normalised to the corresponding isometric value for each condition.
Data analysis was performed using Matlab (Mathworks, USA) and Origin (Microcal,
USA) software packages.
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4.2.6 Statistical Analysis
The group mean + S.E.M. were calculated for all dependent variables. Normality ofthe
data was tested using the Shapiro-Wilks statistic. Subsequently, a two-way repeatedmeasures ANOVA design with two within subject factors (block condition and angular
velocity) was used to test for main effects of block condition and angular velocity on
normalised plantar flexion torque. Post-hoc analyses were then performed Simple
effects and pairwise comparisons, with Bonferroni corrections for multiple comparisons,
to identify the nature of any significant main effect. Data from the maximal voluntary

isometric trials were analysed using paired /-tests to identify any significant differences
between the pre-block and post-block conditions for each independent variable.
Statistical analysis was performed using SPSS for Windows Version 10.0.1 (SPSS Inc.),
and significance was accepted at/? < 0.05.

4.3 Results and Discussion
4.3.1 Isometric Plantar Flexion Efforts
The effect of blocking the antagonist muscle, TA, on maximal voluntary isometric
plantar flexor efforts can be seen in Figure 4.4. The post-block torque was significantly
less (40%>) than the torque produced in the pre-block condition (85.2 ± 9.8 and 141.8 ±
7.8 Nm, respectively; t = 6.98; p < 0.05). Despite a tendency for lower activation of
SOL and MG in the post-block condition, activation of these two muscles were not
significantly different from pre-block activation levels for either EMGS or EMG;m
recordings (SOLs, t = 0.694;/? - 0.514; MGS, t = 1.782;/? = 0.125; SOLim, t = 2.223;/? =
0.068; MGjm, / = 1.987; p = 0.95). However, activation of the lateral head of
gastrocnemius was not recorded in the present study. As the resultant plantar flexion
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torque is derived predominantly from the summation of activation within the triceps
surae (Hof & van Den Berg, 1977), it is possible that a non significant decrease in
triceps surae activation led to a significant decrease in the resultant plantar flexion
torque. However, as indicated in Study 1, and also reported by Hof & van Den Berg
(1977), the contribution of gastrocnemius to plantar flexion torque in the flexed knee
position is considered minimal. Furthermore, as Hof & van Den Berg (1977) reported a
linear relationship between SOL activation and resultant plantar flexion torque when the
knee is flexed beyond 90°, it is unlikely that the non significant decrease in SOL EMG
RMS can fully account for the significant 40% decrease in resultant plantar flexion
torque. As expected, TA activation in the post-block condition was significantly less
than that in pre-block condition (TAS, t = 3.891; /? = 0.008; TAjm, t = 2.601; p = 0.041).
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Figure 4.4 Pre- and post-block maximal voluntary isometric plantar flexor efforts.
M e a n ± S.E.M. data are presented for pre-block (filled columns) and post-block (open
columns) conditions. The effectiveness ofthe C P N block in removing T A activation is
evident by the significant decrease in T A activation in the post-block condition (*
indicates a significant difference between pre-block and post-block values, /? < 0.05;
note, for clarity T A S and T A j m data are scaled by a factor of 10).
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The resultant joint torque is the sum of all moments acting about that joint, therefore, it
was somewhat surprising that plantar flexion torque decreased after blocking the
antagonist, pre-tibial flexor muscles. It is most likely that the anaesthetic block ofthe
CPN influenced muscles other than TA that produce moments about the ankle joint.
The CPN branches into the deep peroneal nerve that innervates dorsiflexor muscles such
as TA, and the superficial peroneal nerve, innervating peroneus longus and peroneus
brevis, muscles that contribute to plantar flexor torque (Benzon et al, 1997). Deutsch et
al. (1999) noted significant variability in the direction and branching pattern ofthe CPN
and it is possible that the impact of the block on associated muscles differed between
subjects due to this anatomical variability. The contribution of all muscles, other than
the triceps surae, to plantar flexor torque is estimated to be approximately 15% (Miaki
et al, 1999). Therefore, anaesthetic block ofthe superficial branch ofthe CPN could
account for part of the reduction in post-block torque by abolishing activation of the
plantar flexor muscles, peroneus longus and brevis. However, it is unlikely to account
for the total reduction (40%) in maximal isometric plantar flexion torque seen in the
present study. It is possible that disruption of neural activity in nerves innervating
antagonist and synergist muscles may have greater implications for agonist muscle
function than originally thought.

4.3.2 Dynamic Plantar Flexion Efforts
Despite the stringent criteria for maintaining constant SOL activation, the resultant
plantar flexion torque produced in the post-block condition was significantly less than
the pre-block condition at each angular velocity (see Table 4.1). However, when
normalised to the corresponding isometric condition, there was no significant main
effect of block condition on plantar flexor torque (Fi,8 = 5.045; p = 0.06; see Figure 4.5).
Ill
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This indicates that, although the block reduced the absolute plantar flexor torque,
removal of antagonist activation had no effect on the normalised torque-velocity
relationship.

Plantar Flexion Torque
(Normalised to isometric)
1.5

-5

0

+5

+15

+30

Angular Velocity (°-s"1)
Figure 4.5 Normalised pre- and post-block torque-velocity relationships.
Plantar flexor torque-velocity relationships were normalised to the corresponding
isometric value for the pre-block (circles) and post-block (squares) conditions. Data are
presented as m e a n s ± S.E.M. (* indicates significantly different from corresponding
shortening torque; f indicates significantly different from isometric torque; % indicates
significantly different from +5°-s"1;/? < 0.05).

There w a s a significant main effect of angular velocity on normalised plantar flexion
torque (F6,48 = 25.836, p < 0.001) and simple effects analysis revealed that this effect
was significant in both pre- and post-block conditions (F6,48 = 30.50,/? < 0.001 and F6,48
= 14.12, p < 0.001, respectively). As in the SVA condition of Study I, all three
lengthening torques were significantly greater than their corresponding shortening
torques, but were not different from the isometric torque. All shortening torques were
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significantly less than the isometric torque, and the torque at +30°-s"1 was less than that
at+S0*"1.
Table 4.1 Pre- and post-block plantar flexor torque.
Data presented as mean ± S.E.M plantar flexor torque (Nm) measured at an internal ankle
angle of 90° at each test velocity, n = 1 (* indicates significantly different from preblock condition; p < 0.05).
Test

Angular Velocity (°-s"')
-5
0
+5

Condition

-30

-15

Pre-Block

47 ±2

50 ±1

54 ± 1

50 ± 2

Post-Block

32 ±1*

34 ±1*

36 ± 2 *

40 ± 5 *

+15

+30

35 ± 1

24 ± 1

20 ±1

24 ± 2*

18 ±2*

14 ±1*

4.3.3 Agonist Muscle Activation
Myoelectric activity for SOLs and SOLim in the pre- and post-block conditions is

presented in Figure 4.6. There were no significant main effects of block condit

(SOLs, F1>7 = 1.012; p = 0.361; SOLim, F1;7 = 1.976; p = 0.203) or angular velocity
(SOLs, F6,2 = 1-562; p = 0.193; SOLim, F6,2 = 1.059; p = 0.402) on SOLs or SOLim

activation. These findings confirm that subjects successfully maintained a cons

level of SOL activation for all trials in the pre- and post-block conditions. H

cannot be assumed that the same population of motor units were recruited in eac
condition.

Since the discovery of reciprocal inhibition by Sherrington in 1898 (see Denny-

1979), the neural pathways associated with antagonist muscle function have been

investigated (De Luca & Mambrito, 1987; Nielsen et al, 1994a; Nielsen et al, 19

Nielsen et al, 1995; Sinkj<er et al, 1995). It has been suggested that the motor
commands activating antagonist muscles may depend on the functional demands of
task (De Luca & Mambrito, 1987). This control scheme is thought to consist of a
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centrally mediated reciprocal component, which allows the performance of
flexion/extension movements, and a common co-activation command to allow the
simultaneous activation of antagonist muscles (De Luca & Mambrito, 1987). Indeed,
there is considerable evidence in the literature to suggest that populations of corticomotoneuronal cells exist that are selectively recruited depending on whether a
flexion/extension movement or a co-contraction of antagonist muscles is being
performed (Fetz & Cheney, 1987; Humphrey & Reed, 1983). Given the complex task

dependent neural innervation to antagonist muscles, it is possible that anaesthetic block
ofthe CPN altered not only peripheral inputs to the motoneurone pools ofthe antagonist
muscles, but also influenced the higher motor commands to these muscles.

SOU, E M G R M S
(Normalised to isometric)
2.0 i

SOLim E M G R M S
(Normalised to isometric)
2.0 i
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0.5
Lengthening
-30

-15

-5 0 +5
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Shortening
+15

+30 -30

-15

-5 0 +5
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+15
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Angular Velocity (°-s_1)

1

Angular Velocity (°-s' )

Figure 4.6 Pre- and post-block S O L s and S O L i m E M G R M S .
M e a n ± S.E.M. myoelectric activity for S O L s (left panel) and S O L ; m (right panel). Data
are normalised to each corresponding isometric value for the pre-block (circles) and
post-block (squares) conditions and presented in arbitrary units.

The influence of reciprocal inhibition on the firing of antagonist motor units has been
shown to depend on the functional characteristics of the motor unit being examined
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(Aimonetti et al, 2000; Aimonetti et al, 2001). In their experiments in which motor
unit firing properties in human wrist extensors were assessed in response to stimulation
ofthe median nerve innervating antagonist muscles, Aimonetti et al (2001) reported a
short latency and short lasting facilitation of the firing probability of high threshold
motor units only. Furthermore, this response was followed by a decrease in firing
probability of all motor units, which was significantly greater for lower threshold motor
units (Aimonetti et al, 2001). In light ofthe selective nature of antagonist inputs onto
agonist motor units, it is conceivable that, despite maintaining a constant level of SOL
activation, the population of motor units contributing to the SOL EMG RMS differed
between trials and may have contributed to the decrease in plantar flexion torque
following block ofthe CPN in the present study.

4.3.4 Synergist Muscle Activation
MG activation varied across velocities and between subjects, as reflected in the large
standard errors seen in Figure 4.7. There were no significant main effects of block
condition (MGS, F1>7 = 1.096; p = 0.330; MGim, Fi,7 = 0.033; p = 0.863) or angular
velocity (MGS, F6)2 = 1.062; p = 0.335; MGim, F6,2 = 0.931; /? - 0.601) on MGS or MGim
activation. The apparent discrepancy between MGS and MGjm during shortening actions
may reflect the presence of cross-talk from surrounding muscles contaminating the MGS
recordings. Hof & van Den Berg (1977) reported similar discrepancies for surface and
intramuscular recordings from MG during isometric plantar flexion efforts in a flexed
knee position. Although they identified large bursts of irregular activity in MG, there
were no corresponding fluctuations in the plantar flexion torque or SOL EMG. The
authors concluded, based on this as well as additional evidence, that the gastrocnemius
does not produce considerable plantar flexion torque when flexed beyond 90°.
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Therefore, it is unlikely that the fluctuation in MG EMG RMS in the present study
resulted in an appreciable alteration to the resultant plantar flexion torque.

MGS E M G R M S
(Normalised to isometric)
3.0

0.5 i
Lengthening
-30

-15

-5 0 +5

MG, m E M G R M S
(Normalised to isometric)
3.0
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Shortening
+15

+30
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Figure 4.7 Pre- and post-block M G S and M G i m E M G R M S .
M e a n ± S.E.M. myoelectric activity for M G S (left panel) and M G ; m (right panel). Data
are normalised to each corresponding isometric value for the pre-block (circles) and
post-block (squares) conditions and presented in arbitrary units.

The ratio of S O L to M G activation during plantar flexion efforts was reportedly greater
when the knee was flexed 90° (SOL/MG = 76%) compared to when the knee was fully
extended (SOL/MG = 22%; Carpentier et al, 1996). The ratio decreased as angular
velocity increased (up to 765°-s"1) indicating the importance of MG activation during
faster movements. However, as the maximum angular velocity in the present study was
considerably slower and the knee flexion angle was greater than that in the study of

Carpentier et al. (1996), it is likely that SOL was the major contributor to plantar flexion
torque in the present study.
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4.3.5

Antagonist Muscle Activation

Activation of the antagonist muscle, TA, was completely abolished following
anaesthetic block of the CPN (see Section 4.2.4). Therefore, statistical analysis was
only performed on TAS and TAim recordings from the pre-block condition. The mean ±
S.E.M. for these data are presented in Figure 4.8. A one-way ANOVA revealed a
significant main effect of angular velocity on TAS in the pre-block condition (Fi>7 =
7.875; p < 0.001). Post-hoc analysis revealed that TAS activation at the two fastest

velocities (-SO^s"1 and -lS^s"1) was significantly greater than that recorded at all other
angular velocities (see Figure 4.8).

T A S & TA i m E M G R M S
(Normalised to isometric)

-30

-15

-5

0

+5

+15

+30

Angular Velocity (°s"1)

Figure 4.8 Pre-block TA S and TA im E M G

RMS.

T A E M G activity was negligible following block ofthe C P N . Therefore, only pre-block
data are presented for T A S (open circle) and T A i m (filled circle). Data are normalised to
each corresponding isometric value and presented as m e a n ± S.E.M. * indicates
significant difference from slowest lengthening, isometric and corresponding shortening
trials,/?< 0.05.
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These findings were consistent with the activation-velocity relationship for TA, also
recorded using surface electrodes, in Study I (see Section 3.2.5). Interestingly, there was
no significant main effect of angular velocity on TA activation recorded using intramuscular electrodes (TAim, F6,2 = 0.692; p - 0.658). The recording area of intramuscular electrodes is considerably smaller than that of surface electrodes (see Section
4.2.3), and, therefore, intramuscular electrodes are less susceptible to contamination
from activation of surrounding muscles. It is possible that the increased TA activation
recorded from surface electrodes, in Study I and Study II, were a consequence of crosstalk from surrounding muscles, particularly from SOL and the larger MG. However, the
fact that there was negligible EMG activity recorded from TAS or TAjm electrodes in the
post-block condition would suggest that cross-talk was not responsible for the greater
TA activation at faster lengthening velocities.

Considerable TA co-activation has been reported during voluntary plantar flexion
efforts (Carpentier et al, 1996) and during controlled force balancing tasks
(Doorenbosch et al, 1995). Carpentier et al. (1996) also reported greater TA coactivation at faster angular velocities during voluntary plantar flexor efforts. The
authors suggested that co-activation of the antagonist served to maintain joint stability,
thereby improving the efficiency ofthe plantar flexor muscles. It should be noted that in
the study of Carpentier et al. (1996) subjects voluntarily controlled the movement and,
therefore, angular velocity varied throughout the ROM. It is likely that the co-activation
recorded during these movements may have served to decelerate the foot segment
towards the end ROM.
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It has been argued that the functional significance of antagonist co-activation is to
maintain joint stability (Baratta et al, 1988; Solomonow et al, 1988). Anaesthetic
block ofthe CPN has been shown to increase reflex and non-reflex mediated stiffness of
the ankle during rapid stretch (angular velocity 170°-s"1, amplitude 4°) of the preactivated triceps surae, presumably due to decreased pre-synaptic inhibition of la
inhibitory interneurones (Sinkjaer et al, 1995). However, in the study of Nielsen et al.
(1994b), total ankle stiffness was significantly greater during co-contraction of the
plantar and dorsiflexor muscles when compared to plantar flexions performed at
comparable EMG levels. Although stretch reflex responses were also facilitated during
co-contraction, it is likely that the increase in total joint stiffness arose predominantly
from the increase in non-reflex stiffness due to a larger volume of active muscle about
the joint. Although muscle stiffness was not assessed in the present study, it is likely,
given the slow angular velocities used (±5 to ±30°-s"1), that any decrease in non-reflex
mediated stiffness associated with removal of antagonist activation would outweigh the
benefit of an increase in reflex mediated stiffness due to a decrease in reciprocal
inhibition. Interpreting the contribution of reflex and non-reflex mediated stiffness to
resultant joint torque must be made with caution, however, as De Luca & Mambrito
(1987) have suggested that joint stiffness and joint torque may be controlled separately
and independently of each other.

The level of antagonist co-activation has been related to a subject's training history
(Amiridis et al, 1996). Highly trained subjects produced significantly greater plantar
flexion torque and had lower levels of antagonist activation (TA) compared to sedentary
subjects. However, the lower plantar flexion torque reported for sedentary subjects was
also associated with lower levels of voluntary triceps surae activation during
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lengthening actions (Amiridis et al, 1996). Based on the lower agonist activation and
greater antagonist co-activation in sedentary subjects, Amiridis et al. (1996) supported
the notion of antagonist co-activation as a tension-limiting mechanism in sedentary
subjects. The findings of the present study, however, do not provide evidence of TA
activation limiting plantar flexor torque.

It was anticipated that removal of antagonist activation would enable the calculation of
the antagonist contribution to the resultant plantar flexion torque. However, as the
anaesthetic block of the CPN likely influenced the neural innervation of muscles other
than the antagonists, this was not possible. Nevertheless, as the anaesthetic block ofthe
CPN also removed activation ofthe synergistic peroneus longus and brevis muscles, and
the contribution of gastrocnemius to plantar flexion torque was minimal due to its
shortened muscle length (Cresswell et al, 1995), the current data may provide a more
accurate representation of the in vivo joint torque-angular velocity relationship of the
human SOL muscle.

4.4 Summary
The plantar flexor torque produced when activation of the antagonist muscle, TA, was
blocked was not significantly greater than when antagonist muscle function was intact.
Furthermore, the shape of the joint torque-angular velocity relationship after removing
TA activation was not significantly different from that recorded in the pre-block
condition, which suggests that any influence of antagonist activation on the resultant
joint torque at a 90° ankle angle was consistent between lengthening and shortening
actions across the range of velocities examined. Surprisingly, the post-block torque was
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significantly less than in the pre-block condition. This effect m a y be attributed, in part,
to the removal of activation of the synergistic plantar flexor muscles, peroneus longus
and peroneus brevis. Due to the extensive neural connections between the functional
antagonist muscles, TA and SOL, it is likely that anaesthetic block ofthe CPN disrupted
the 'normal' neural processes associated with voluntary muscle activation, which may
have influenced the resultant plantar flexion torque. Furthermore, the possibility that
removal of antagonist activation altered both the reflex and non-reflex mediated
stiffness at the ankle joint, consequently impacting on the resultant joint torque, cannot
be excluded.

Although the present study did not quantify the joint moment produced by activation of
antagonist muscles, it is unlikely, given the decrease in plantar flexion torque after
blocking the CPN, that antagonist co-activation was a contributing factor to the
inhibition of lengthening torque during submaximal voluntary plantar flexor efforts.
Furthermore, the similarities between the normalised pre- and post-block joint torqueangular velocity relationships indicate that antagonist co-activation did-not influence the
regulation of muscle tension across this slow range of angular velocities. This study
highlights the complexity of neural interactions associated with voluntary muscle
activation, even when the movements are performed under a strictly controlled
environment. It is possible that these complex neural events may differ depending on
whether the muscle is lengthening or shortening.
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C H A P T E R 5: Study III
H-reflex Modulation During Controlled Lengthening and
Shortening Actions ofthe Human Triceps Surae

5.1 Objectives
It has been shown that co-activation of antagonist muscles did not account for the
discrepancies between the joint torque-angular velocity relationships elicited by
voluntary activation and by electrical stimulation. However, it is possible that these
differences may be related to the complex neural events associated with voluntary
muscle actions. Investigation of H-reflex modulation, when interpreted acknowledging
the limitations associated with this technique (see Section 2.5.3.1), can provide valuable
insight into the regulation of spinal pathways. Therefore, examining H-reflex
modulation during lengthening and shortening muscle actions may provide insight into
the neural mechanisms associated with dynamic muscle actions.

It has been argued that modulation of the H-reflex during dynamic activities reflects
changes in neural innervation brought about to suit the functional demands of the task
(see Section 2.5.3.2). Several factors are known to alter H-reflex amplitude including
the background level of activation (Butler et al, 1993), muscle length (Gerilovsky et al,
1989), movement velocity (Romano & Schieppati, 1987), activation history (Gregory et
al, 1998; Proske et al, 1993), and muscle composition (Messina & Cotrufo, 1976).
Although several mechanisms have been proposed to account for H-reflex modulation,
such as post-activation depression and pre-synaptic inhibition of Ia-afferents, the
functional significance of such modulation is still unclear.
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In an attempt to better understand the mechanisms operating during single passive joint
rotations this study was conducted with two primary objectives. Firstly, H-reflex
modulation was examined during lengthening and shortening actions ofthe triceps surae
under tightly controlled experimental procedures to ensure that alterations in reflex
magnitude were not due to variations in effective stimulus intensity. Secondly, although
short-latency (<50 ms) reflex modulation has been recorded during passive cycling
movements, presumably due to heteronymous la influences, to our knowledge, reflex
modulation has not been investigated over a similar short-latency during passive single
joint movements involving homonymous Ia-afferents. Therefore, reflex responses were
recorded at various latencies following the onset of movement in an attempt to
determine the time-course of homonymous la-afferent influences on H-reflex amplitude.
Additionally, H-reflexes were recorded from both SOL and MG during all experiments
to assess whether reflex modulation was influenced by the functional characteristics of a
muscle.

5.1.1 Hypotheses
The null hypothesis examined in this study was that there would be no significant main
effect of angular velocity on H-reflex modulation. In particular, it was hypothesised that
there would be no significant main effect of:
1) angular velocity on H-reflex amplitude during passive lengthening and
shortening ofthe triceps surae;
2) angular velocity on H-reflex amplitude during active lengthening and shortening
ofthe triceps surae; or
3) stimulation latency on H-reflex amplitude.
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5.2 Methods
5.2.1 Subjects

Eight healthy subjects with no history of traumatic ankle injury or neurological disorder
participated in a total of 14 experiments. The subjects consisted of two females and six
males. The mean (± S.E.M.) for age, height and mass of the subjects were 29.2 ± 2.1
years, 1.82 ± 0.04 m and 77.2 ± 4.0 kg, respectively. Subjects were instructed about the
experimental protocol and their informed consent to participate was obtained. The
study was approved by the Human Ethics Committees of the University of Wollongong
and the Karolinska Institute, Sweden and was conducted according to the National
Health and Medical Research Council National Statement of Ethical Conduct in
Research Involving Humans (1999).

5.2.2 Experimental Protocol
The subjects lay prone on a testing bench with their left foot securely attached to the
same microprocessor-controlled ankle torque motor that was described in Section 3.2.2.
The axis of each subject's ankle joint was aligned with the axis ofthe torque motor as in
Study I and Study II. However, in contrast to the previous two studies, the knee of their
left leg was flexed approximately 20° from full extension to facilitate the location and
stimulation ofthe tibial nerve. At the beginning ofthe experiment, subjects assumed a
comfortable position (see Figure 5.1) in which they remained for the duration of the
experiment (approximately 3 hours).

Unlike the previous two studies, subjects were required to close their eyes and wear
headphones during testing to minimise the influence of distractions from the
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surrounding environment on the H-reflex response. T o avoid alterations in H-reflex
amplitude due to changes in muscle length (Gerilovsky et al, 1989), stimulation was
always delivered at an ankle angle of 90° (see Section 3.2.4). After completing each
trial the foot was moved back to the starting position and the subject performed a
submaximal isometric plantar flexor effort before starting the next trial to remove any
thixotropic effects (Proske et al, 1993) resulting from the previous change in muscle
length.

Figure 5.1 Experimental set-up.
Subjects lay prone with the left foot securely attached to the ankle torque motor. The
knee was slightly flexed to enable an effective stimulation ofthetibialnerve.

5.2.3 Stimulation and Recording
H-reflexes and M-waves were evoked in SOL and MG by stimulating the tibial nerve
with a single 1 ms pulse delivered from a Digitimer Constant Current Stimulator (Model
DS7A, England). The cathode (Neuroline surface electrode, Medicotest, Denmark) was
placed in the popliteal fossa (see Figure 5.2, lower panel) and the anode (100 mm * 50
mm rubber electrode) was placed proximal to the patella. Location of the stimulating
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electrode was carefully selected (see Figure 5.2, upper panel) to obtain m a x i m u m
amplitude reflexes from SOL while ensuring that the M-wave and H-reflex were ofthe
same shape, indicating that the SOL reflex responses were not contaminated by crosstalk from MG (Hugon, 1973). Peak-to-peak amplitude ofthe H-reflexes and M-waves
for MG and SOL were calculated and plotted online. In some experiments the area and
duration of the first negative phase of the H-reflexes and M-waves were calculated
offline to confirm results obtained from amplitude calculations.
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S O L and M G H-reflexes were recorded using bipolar Ag/AgCl surface electrodes
(Sensor Medics, USA) following the same preparation procedures described in Section
3.2.5. Belly-tendon configurations were utilised with the belly electrode placed below
the gastrocnemius bifurcation for SOL and on the bulk of the muscle for MG (Little et
al, 1989). Tendon electrodes for both muscles were placed on the distal aspect ofthe
Achilles tendon. EMG signals were amplified 200 times (NL 824, Digitimer, UK),
bandpass filtered (30-1000 Hz; Neurolog, NL 125, Digitimer, UK) and then subjected to
A/D conversion at a sampling rate of 10 kHz using a 16 bit Power 1401 and Signal data
collection system (Cambridge Electronic Design, UK). During most ofthe experiments
electrodes were placed also over the belly of TA to confirm that the antagonist muscle
was not active during passive lengthening and shortening of the triceps surae. For
experiments in which constant plantar flexor torque was maintained throughout the trial,
surface electromyograms were recorded (bandpass filtered 30-300 Hz; Neurolog, NL
125, Digitimer, UK) from additional electrodes placed over the bellies of each muscle.

5.2.4 Passive Reflex Modulation
The sensitivity of the H-reflex to facilitation and inhibition varies with respect to the
size of the control H-reflex (Crone et al, 1990). Therefore, to select suitable test
stimulus intensities, passive isometric recruitment curves were obtained for each subject
at the start of the experiment. Recruitment curves were also recorded during passive
lengthening and shortening actions at each angular velocity to determine the influence of

possible variations in effective stimulus intensity, likely due to alterations in the spat
relationship between the stimulating electrode and the tibial nerve. Examples of
isometric and dynamic recruitment curves recorded from SOL and MG in one individual
are presented in Figure 5.3, Section 5.3.1.
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The maximal M-wave represents the activation of all motor fibres within the nerve and,
therefore, provides a standard against which we can compare the size of the H-reflex
response between individuals (Hugon, 1973). Based on the isometric recruitment
curves the maximum amplitude of the H-reflex and the M-wave were identified (Hmax
and Mmax, respectively) and the Hmax:Mmax ratio calculated for each angular velocity.
Based on the isometric recruitment curve, a stimulus intensity sufficient to elicit a
response equivalent to 50% of Hmax on the ascending limb ofthe recruitment curve was
selected as the test stimuli for the following experiments (50% Hmax). At this stimulus
intensity, the mean isometric H-reflex amplitude for SOL was 51.0% and for MG,
38.6% of Hmax. H-reflexes and M-wave responses at this stimulus intensity were
recorded during 15 trials of passive isometric, lengthening and shortening actions. To
minimise the likelihood of altering the spatial relationship between the stimulating
electrode and the tibial nerve, lengthening and shortening actions were restricted to
angular velocities of ±2, ±5, and ±150-s"' and the ROM was limited to an ankle
displacement of 10° (85 to 95°). Lengthening trials were indicated as negative angular
velocities and positive velocities represented shortening actions. To limit the influence
of preceding stimulations on subsequent H-reflex responses each trial was separated by
a minimum of 20 s, thereby allowing sufficient time for recovery of neurotransmitters at
the synaptic terminals. The order of velocity and action type was counterbalanced
between subjects to avoid the influence of order effects on the reflex responses.

At a stimulus intensity of 50% Hmax the mean M-wave amplitude was a small fraction of
Mmax (5.0 ± 0.4%, and 5.8 ± 1.0% of Mmax for SOL and MG, respectively; see Figure
5.3, Section 5.3.1). At such small amplitudes, the M-wave is not sensitive to changes in

stimulus intensity and, therefore, may not be a reliable measure to assess efficacy of the
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stimulus intensity. Therefore, a second series of passive isometric, lengthening and
shortening actions were performed with a stimulus intensity set to obtain an M-wave
with an amplitude equivalent to 50% of the isometric maximum M-wave amplitude
(50%o Mmax). At this position on the recruitment curve, the amplitude ofthe M-wave is

sensitive to small changes in stimulation intensity and, therefore, a change in the spatia
relationship between the tibial nerve and the stimulating electrode can be identified
easily. Mean isometric M-wave amplitudes at 50% Mmax were 50.3% of Mmax for SOL
and 32.3%) of Mmax for MG. Ten trials at each test velocity were evaluated with the
stimulus intensity of 50% Mmax following the same experimental conditions as
described for the 50% Hmax stimulation.

To examine whether H-reflex modulation was related to higher motor commands or
peripheral mechanisms, additional experiments were performed in which the latency of
stimulation was varied from 42, 75, and 150 ms from the onset of movement. At a
latency of 42 ms it can be argued that there is insufficient time for supraspinal
mechanisms to influence H-reflex amplitude. Therefore, any modulation to the H-reflex
amplitude at this interval must be due to peripheral mechanisms (Brooke et al, 1995b).
At latencies greater than 75 ms from the onset of movement there is sufficient time for
input via a transcortical loop to influence the magnitude of the reflex response, whereas
at latencies greater than 100 ms the influence of voluntary activation may alter H-reflex
amplitude (Marsden et al, 1983). To achieve these latencies of stimulation while
recording the reflex responses at a constant muscle length, passive lengthening and
shortening actions were performed at angular velocities of ±30, ±15, and ±7°-s" . For
these experiments, each subject's ankle was moved passively through 10° from an initial

starting angle of 91° for lengthening and 89° for shortening actions. Again, 15 stimuli at
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50% Hmax and 10 stimuli at 50% Mmax were delivered at a 90° ankle angle, that is, after
having moved through 1° of dorsi- or plantar flexion. Allowing 15 ms for transmission
ofthe afferent volley within the la-fibres to the motoneurone pool (Loscher, 1995), Hreflex responses were recorded from surface electrodes at latencies of approximately 57,
90 and 165 ms from the onset of movement. Therefore, it was assumed that the
stimulation reached the motoneurone pool when the ankle was at 90° for each condition.
Due to the lengthy experimental protocol and subject availability, only 4 ofthe original
subjects agreed to return to the laboratory to participate in this part ofthe study.

5.2.5 H-reflex Modulation with Underlying Activation
Muscle spindle discharge and the related movement detection threshold are known to
differ between active and passive movements (Wise et al, 1998). Therefore, the effect
of underlying activation on the dynamic recruitment curves was investigated. Due to the
lengthy experimental protocol and subject availability, these additional experiments
were conducted on four subjects, two of whom participated in the previous experiments
described in Section 5.2.4. Experimental procedures were similar to those described in
Section 5.2.4, however, subjects were required to maintain a constant level of plantar
flexion torque (15% MVC) throughout the dynamic movements. This was achieved by
providing direct visual feedback of plantar flexion torque that was displayed on a
monitor together with the target plantar flexion torque level. Torque was measured over
a 50 ms window ending 10 ms before delivery ofthe stimulus. Trials that deviated by
±2.5% from the desired torque level were discarded and the trial repeated at that
stimulus intensity until a successful recording was made.

130

Chapter 5: Study III

5.2.6 Data Analysis
Unless otherwise stated, results are presented as the mean ±

S.E.M.

Data analysis was

performed using Signal (Cambridge Electronic Design, U K ) and Origin (Microcal,
U S A ) software packages. T o account for changes in muscle length and gravitational
effects of the torque motor during constant velocity trials, angle specific measurements
were taken at an ankle angle of 90°.

5.2.7 Statistical Analysis
The group m e a n ± S.E.M. were calculated for all dependent variables. Normality of the
data was tested using the Shapiro-Wilks statistic. Subsequently, significant main effects
of angular velocity on H-reflex and M - w a v e amplitudes for S O L and M G
determined by using a one-way A N O V A design.

were

Post-hoc analyses were then

performed using the Tukey H S D test to identify the nature of any significant main
effect. Data from the two additional experiment (see Sections 5.2.4 and 5.2.5) were not
normally distributed which was likely a consequence of limited subject numbers.
Consequently, the non-parametric Wilcoxon matched pairs test was used to identify
significant differences in reflex amplitude in these experiments. Statistical significance
was accepted at/? < 0.05. All statistical analyses were performed using the Statistica
software package (StatSoft, U S A ) .

5.3 Results and Discussion
5.3.1 Passive Reflex Modulation
Passive isometric, lengthening and shortening recruitment curves at each angular
velocity for S O L and M G of one subject, whose data best represents the group data, are
displayed in Figure 5.3.
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Figure 5.3 Individual recruitment curves and dynamic H-reflex recordings.
Recordings from one subject whose data best reflects the group m e a n are presented. AD: passive recruitment curves for S O L lengthening (A) and shortening (B) actions and
M G lengthening (C) and shortening (D) actions at angular velocities of ±15°-s-l
(circles), ±5°-s-l (squares), and ±2°-s-l (triangles). Isometric recruitment curves are
plotted on each figure (diamonds). M - w a v e responses are plotted as open symbols and
H-reflexes as solid symbols.

It is evident that, despite consistent M - w a v e amplitudes, both S O L and M G H-reflex
recruitment curves are consistently depressed in amplitude across the range of stimulus
intensities and, consequently, the recruitment curves were compressed in the time
domain during lengthening actions when compared to isometric and corresponding
shortening actions. This finding is similar to that of Misiaszek et al (1995b) who
reported consistent reflex modulation across a range of stimulus intensities during
passive cyclic movements.
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The influence of angular velocity and muscle action on the maximum H-reflex
amplitude was examined using the Hmax:Mmax ratio (see Figure 5.4). Statistical analysis
revealed a significant main effect of angular velocity on Hmax:Mmax ratio for both SOL
(F6,56 = 24.828, p < 0.01) and MG (F6;56 = 22.776, p < 0.01; see Figure 5.4). Post-hoc
analysis identified that the Hmax:Mmax ratios for all lengthening actions were
significantly less than the isometric ratio in both SOL and MG (see Figure 5.4).
Furthermore, the Hmax:Mmax ratio at -lS^s"1 was significantly less than that at -2°-s"1 for
both SOL and MG (p < 0.05; see Figure 5.4).
Passive H max :M max Ratio
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Figure 5.4 Passive H m a x : M m a x ratios during dynamic muscle actions.
Data are presented as means ± S.E.M. H m a x : M m a x ratio during lengthening, shortening and
isometric actions of S O L (open circles) and M G (solid circles). Although different in
magnitude, S O L and M G H m a x : M m a x ratios behave in a similar manner across velocities.

5.3.2 H-reflex and M-wave Responses at 50% Hmax
Reflex responses at 50%> Hmax from one individual whose data best represents the group
mean are presented in Figure 5.5. Mean (± S.E.M.) H-reflex and M-wave amplitudes for
SOL and MG at 50% Hmax are presented in Figure 5.6A and B. M-wave amplitudes

varied little across all velocities in both the SOL and MG at stimulus intensities of 50%
Hmax, confirming that the observed H-reflex modulation was not due to alterations in the
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spatial relationship between the nerve and stimulating electrode. There was a sma
non-significant decrease in mean MG M-wave amplitude in the isometric condition

may have decreased the isometric H-reflex amplitude. However, based on the isome

recruitment curves (see Figure 5.3), a greater stimulus intensity in this condit
have altered the isometric H-reflex amplitude only slightly, but is unlikely to

changed the overall shape ofthe curve, particularly in relation to lengthening ac
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Figure 5.5 Reflex responses from one subject at 5 0 % H m a x .
Individual traces from one subject showing H-reflex responses recorded from S O L (top
trace) and M G (bottom trace) during passive trials at the specified angular velocities.
Stimulus intensity was set at approximately 5 0 % H max . As this stimulus intensity was
less than the motor threshold, alterations in effective stimulus intensity cannot be ruled
out. Note the pronounced depression of H-reflex responses during lengthening actions
and slight facilitation ofthe H-reflex during shortening.

Consistent with the pattern of modulation seen for the H m a x :M m a x ratio, H-reflex
amplitudes at a constant stimulus intensity (50% Hmax) decreased markedly at all
lengthening velocities, whereas muscle shortening resulted in facilitation ofthe

compared to the isometric condition. That is, there was a significant main effect

angular velocity on H-reflex amplitude at 50% Hmax for SOL (F6,56 = 321.287; p < 0.

and for MG (F6,56 = 206.519, p < 0.01). Furthermore, SOL H-reflex amplitudes at the

two fastest velocities (±15°-s"1 and ±5°-s"1) were both significantly less than th
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velocity (±20-s_1) during both lengthening and shortening actions (p < 0.05; see Figure
5.6). Similarly, MG lengthening and shortening H-reflex amplitudes at ±15°-s"1 were
significantly less than those at ±2°-s"] (p < 0.01; see Figure 5.6).

(A)

(B)

Amplitude (mV)
r 7.5

-5 -2 0 +2 +5
Angular Velocity (°-s1)

Angular Velocity (°-s)

(C)

(D)

Amplitude (mV)
1-12.5

-15

-5 -2 0 + 2 + 5
Angular Velocity (°-s1)

Amplitude (mV)
-7.5

Amplitude (mV)
•12.5

-5 -2 0 +2 +5
Angular Velocity (°-s1)

+15

+15

Figure 5.6 M e a n H-reflex and M - w a v e amplitudes at 5 0 % H m a x and 5 0 % M m a x .
M e a n H-reflex (solid circles) and M - w a v e (open circles) amplitudes for all subjects
recorded from S O L and M G at stimulus intensities of 5 0 % H raax (A & B, respectively)
and S O L and M G at stimulus intensities of 5 0 % M m a x (C & D, respectively). Error bars
are omitted for clarity, however, individual S.E.M. range = 0.007 to 2.85 m V (SOL) and
0.005 to 2.12 m V ( M G ) .

A s alterations in motoneurone output m a y be reflected by changes in the amplitude
and/or duration of the H-reflex response the results of H-reflex amplitude modulation

135

Chapter 5: Study III

were confirmed by analysis of the area under the first negative phase of the SOL Hreflex. Area measurements were calculated as the integral ofthe amplitude versus time
for the first negative phase of the reflex response, which was determined by eye from
the original data records. Furthermore, there was no significant main effect of angular
velocity on the SOL H-reflex duration at 50% Hmax (F6,35 = 0.044, p = 1.000),
confirming that variations in the area under the first negative phase were in fact due to
changes in reflex amplitude.

Inhibition of the H-reflex during passive lengthening actions was not unexpected, as a
similar reduction in the H-reflex amplitude has been documented both during and
following muscle lengthening. For example, Hultborn et al. (1996) described decreased
H-reflex amplitudes following passive lengthening of SOL. This depression occurred
without alteration to motoneurone excitability and the effect was confined to the large
diameter afferents activated during the lengthening action. In similar experiments
conducted on decerebrate cats, Hultborn et al. (1996) reported that depression ofthe
monosynaptic reflex was associated with a decrease in the la excitatory post-synaptic
potential (EPSP) and occurred without changes in input resistance or membrane
potential of the motoneurones. Although a dorsal root potential was identified,
indicating activity of presynaptic interneurones, its duration was considered too short to
explain the long-lasting depression ofthe H-reflex (Hultborn et al, 1996). Similar Hreflex depression has been identified following single or repeated trains of H-reflexes
(Kohn et al, 1997) and during sinusoidal ankle rotations (Voigt & Sinkjasr, 1998).
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5.3.3 H-reflex and M-wave Responses at 50% Mmax
H-reflex and M - w a v e responses for S O L and M G at 5 0 % M m a x are presented in Figure
5.6C and D. It is evident that, even when the amplitude ofthe M - w a v e was sensitive to
small changes in stimulus intensity (that is, on the steepest section ofthe ascending limb
of the M - w a v e recruitment curve), the M - w a v e amplitudes in S O L and M G were
relatively stable across all test velocities. This finding is consistent with that of
Misiaszek et al. (1995b) w h o reported similar reflex depression across a range of
stimulus intensities from motor threshold to M m a x . Consistency ofthe stimulus intensity
was reflected by the small S.E.M. for individual subjects (range: 0.10-1.05 m V and 0.10
- 0.72 m V for S O L and M G , respectively).

At the higher stimulus intensity, both SOL and MG H-reflexes exhibited velocitydependent decreases in amplitude at all lengthening velocities. That is, there was a
significant main effect of angular velocity on H-reflex amplitude at 5 0 % M m a x , for S O L
(F6,56 = 197.193,/? < 0.01) and for M G (F6)56 = 186.853,/? < 0.01). Furthermore, during
shortening actions, the M G H-reflex amplitude at +20-s_1 was significantly greater than
that for the isometric and two faster shortening velocities (p < 0.05; see Figure 5.6).
Similarly, S O L H-reflex amplitude at a shortening velocity of +2°-s"1 was significantly
greater than that at +15°-s"1 (p < 0.05; see Figure 5.6). Again, identical angular velocity
specific modulation was found in S O L H-reflex area at 5 0 % M m a x .

It should be noted that at stimulus intensities sufficient to elicit an M-wave, the H-refle
response could not be considered to arise exclusively from la-afferent input as other
smaller diameter higher threshold nerve fibres would also be activated (Hugon, 1973).
Furthermore, at a stimulus intensity of 5 0 % M m a x , the resulting H-reflex had either
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reached a plateau or lay on the descending limb of the recruitment curve and,
consequently, would likely be subjected to considerable antidromic collision (Hugon,
1973). Despite the possible contamination of reflex responses from other nerve inputs
and/or antidromic collision, the H-reflexes at the higher stimulus intensity were
modulated in a similar manner to those at the lower intensity. Therefore, it appears as
though most ofthe reflex modulation could be attributed to alterations in the la-afferent
pathway projecting onto the SOL motoneurone pool.

5.3.4 Short-Latency Reflex Modulation
To determine whether H-reflex modulation during dynamic passive actions was central
or peripheral in origin, H-reflexes were recorded at various latencies after onset of
movement. H-reflex amplitudes at each latency are presented in Table 5.1, and raw
traces from an individual subject whose data best reflects the group mean are presented
together with the isometric H-reflex amplitude in Figure 5.7.

Table 5.1 Short-latency reflex modulation.
Data are presented as m e a n (S.E.M.) m V for H-reflex amplitudes from S O L and M G for
the isometric condition and at each latency for lengthening and shortening actions
(indicated by negative and positive latencies, respectively; n = 4). * indicates significant
difference from the isometric value; | indicates significant difference from the
corresponding lengthening trial; { indicates significant difference from H-reflex
amplitudes at the two other velocities under the same muscle action type (that is,
lengthening or shortening); p < 0.05.

Stimulation Latency (ms)
-150

-75

-42

0

+42

+75

+150

SOL 1.51(0.3)* 1.40(0.2)* 3.75 (0.2)*$ 4.66(0.1) 4.36(0.2) 3.76 (0.2)*ti 4.66 (0.2)f
MG 1.75(0.2)* 1.75(0.3)* 4.04(0.5)*} 4.77(0.2) 4.46(0.2) 4.14(0.3)t 5.05 (0.3)t
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M e a n H-reflex amplitudes during lengthening actions were significantly smaller than the
isometric and corresponding shortening H-reflex amplitudes for both SOL and MG (p <
0.01; see Table 5.1). However, during lengthening actions, mean H-reflex amplitudes at
the shortest latency were significantly greater than for the two longer latencies for SOL
and MG (p < 0.01; see Table 5.1).

SOL

MG

Lengthening Shortening Lengthening Shortening

42 m s

75 m s

150 m s

Isometric
>
E
c\i
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Figure 5.7 Individual short-latency H-reflex recordings.
Recordings from S O L and M G for one subject after 1° dorsi- and plantar flexion at
angular velocities of ±30°-s"1, ±15°-s"1, and ±7°-s"1. Stimuli were delivered at a 90°
ankle angle. At the selected velocities, after 1° displacement, the latency of stimulation
from the onset of movement (broken lines) was 42 m s , 75 m s , and 150 m s , respectively.
Each recording shows a consistent stimulus artefact followed by a small M - w a v e and an
H-reflex approximately 35 m s afterward. For comparison, isometric H-reflex responses
are also displayed.
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The difference in H-reflex amplitude between the fastest and two slowest lengthening
velocities may be explained, in part, by activity-dependent changes in axonal excitability
(Burke & Gandevia, 1999). Following transmission of a nerve impulse, the axonal
excitability decreases due to the consequent hyperpolarisation (Burke & Gandevia,
1999). As the afferent response to a stretch increases with the velocity of lengthening
(Grill & Hallett, 1995) and the afferent volley is dispersed over a period of up to 25 ms
(Burke et al, 1984), the decrease in H-reflex amplitude may be more prominent
following faster velocity stretches. Figure 5.8 displays overlaid H-reflex responses from
SOL together with SOL EMG recordings from five passive lengthening trials in which
no stimulation was delivered.

The greater EMG activity recorded during the fastest lengthening velocity most likely
reflects an increase in the la input from primary muscle spindle afferents that would be
expected as a consequence of rapid muscle lengthening (Grill & Hallett, 1995).
Increases in stretch induced reflex responses at the faster velocities may account for the
facilitated H-reflexes evident in some subjects. Although H-reflex responses at the
shortest latency were significantly greater than the two longer latencies, they were still
significantly depressed compared to the isometric H-reflex (p < 0.01; see Table 5.1).
Therefore, it appears that, despite the summation of la-afferent volleys, there is still a
short-latency inhibitory mechanism occurring within 60 ms.
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100 ms

Figure 5.8 Superimposed short-latency H-reflex recordings.
S O L H-reflex responses recorded during lengthening (broken line) and shortening (solid
line) actions at each angular velocity recorded for all 4 subjects (si to s4). Lower
sections display 5 traces of S O L E M G recorded during passive lengthening actions in
which no stimulation was delivered. Position and velocity recordings are also presented
in the lower 2 traces. Dotted lines indicate the latency of stimulation (42, 75 and 150
m s for angular velocities of ±30, ±15, and ±7°-s"1, respectively) for the trial in which Hreflexes were recorded and the time at which the reflex response would appear in the
E M G recordings (approximately 35 m s later). Evidence of stretch induced reflex
responses can be seen at the faster velocities. Calibration for all data is indicated in (s3).

5.3.5 Dynamic Recruitment Curves with Underlying Activation
Reflex experiments conducted during passive movements are less susceptible than
active muscle actions to the influence of changes in the spatial relationship between
stimulating electrodes and the nerve. However, a major disadvantage of these types of
experiments is the unknown level of excitation within the motoneurone pool. For
example, the motoneurones may be hyperpolarized, in which case, a large post-synaptic
potential would be needed to reach firing threshold. Alternatively, the motoneurone
141

Chapter 5: Study III

pool may be close to firing threshold and only require a small input to generate a re
response. This problem can be avoided by providing underlying level of voluntary
activation to the muscle in question, thereby ensuring a more stable level of
motoneurone excitability.

To determine the influence of underlying activation on H-reflex modulation during
dynamic ankle movements, additional experiments were performed in which subjects

were required to maintain a constant submaximal plantar flexion torque throughout eac

trial. Representative traces from one individual at each angular velocity are present
Figure 5.9.
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Figure 5.9 Individual H-reflex recordings during dynamic muscle actions with
underlying activation.
Individual traces from one subject showing H-reflex responses recorded from S O L (top
trace) and M G (bottom trace) while maintaining a constant plantar flexion torque
equivalent to 1 5 % isometric M V C at the specified angular velocities. Stimulus intensity
was set at approximately 5 0 % H m a x . A s this stimulus intensity was less than the motor
threshold, alterations in effective stimulus intensity cannot be ruled out. In general, Hreflex amplitudes recorded with underlying activation responded similarly to variations
in angular velocity and activation type as seen for passive lengthening and shortening
actions, that is, depression of amplitudes for lengthening actions and facilitation during
shortening.
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S O L and M G H-reflexes recorded with underlying activation were modulated in a
similar manner as for the passive trials. However, it is evident in Figure 5.9 that Mwave amplitude was less stable when underlying activation was present. A similar
variation in M-wave amplitude was seen when stimulus intensities were increased to
50%> Mmax. Therefore, to account for differences in relative stimulus intensities on Hreflex amplitude, recruitment curves were generated for lengthening and shortening
actions with underlying activation.

The Hmax:Mmax ratio with underlying activation is displayed in Figure 5.10. As can be
seen, a similar, although less pronounced modulation exists when underlying activation
is present compared to the passive condition (see Figure 5.4). However, despite the
similar modulation of Hmax:Mmax ratios between active and passive conditions, the only
statistically significant difference between Hmax:Mmax ratios within the active condition
were between lengthening and shortening ratios at ±15°-s" . That is, the Hmax:Mmax
ratios were significantly greater during fast shortening actions when compared to
lengthening actions for SOL (T= 0.00, Z = 1.92;p < 0.01) and MG (73 = 0.00, Z = 1.93;
/7<0.01).

The difference in the magnitude of modulation between passive and active Hmax:Mmax
ratios may be related to the level of muscle spindle discharge in the two conditions.
Wood et al. (1996) investigated the effect of resting muscle spindle discharge on the
monosynaptic reflexes in cats. The authors demonstrated that inhibition of the
monosynaptic reflex was related to the previous level of spindle discharge, supporting
the post-activation depression theory. Spindle discharge, however, is determined not
only by changes in joint angle, but is also influenced by fusimotor activity. Gregory et
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al. (1998) investigated the effects of muscle conditioning with and without fusimotor
activity on reflex responses in humans. The triceps surae were conditioned by either a
low intensity voluntary contraction, which presumably recruited both extrafusal and
intrafusal muscle fibres, or by electrical stimulation, which was not likely to activate
intrafusal fibres. Following voluntary activation, reflex amplitudes were significantly
larger than after conditioning by electrical stimulation, suggesting a powerful role of
fusimotor activity in H-reflex modulation.
Active H m a x :M m a x Ratio
0.75

-5

-2 0 +2
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+15
1

Angular Velocity (°-s~ )
Figure 5.10 M e a n H m a x : M m a x ratios with underlying activation.
M e a n ± S.E.M. H m a x : M m a x ratios during active lengthening, shortening and isometric
actions of S O L (open circles) and M G (solid circles). Negative values indicate
lengthening actions. Although different in magnitude, S O L and M G H m a x : M m a x ratios
behave in a similar manner across velocities. * indicates statistically different from the
ratio at the corresponding lengthening velocity; p < 0.05.

Fusimotor activation has also been shown to influence the threshold for movement
detection at the elbow (Wise et al, 1998). Threshold for detection was lower during
passive movements than when the movements were performed with co-contraction of
the forearm muscles. Wise et al. (1998) suggested that activation of the forearm
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muscles increased fusimotor activity, resulting in greater spindle discharge and a higher
threshold for the detection of movement.

If spindle discharge is greater during active compared to passive muscle actions, and
depression of the H-reflex following lengthening actions were due to homosynaptic
post-activation depression of Ia-afferents, one may expect the reflex responses to be
smaller during active lengthening when compared to passive lengthening. This was the
case in the present study, as H-reflex amplitudes recorded with underlying voluntary
activation were smaller than during passive movements. It appears that the increase in
motoneurone excitability due to the underlying voluntary activation during the active
trials was not large enough to offset the smaller la EPSP induced by homosynaptic postactivation depression.

Perhaps a more remarkable finding in the present study was the increase of the H-reflex
during passive shortening actions relative to the isometric condition. Similar findings
have been described, but not elaborated on by others (Gottlieb & Agarwal, 1978;
Robinson et al, 1982; Romano & Schieppati, 1987). The shortening action in the
present study is comparable to the 'hold-long' condition described by Wood et al
(1996) and, as can be seen in their Figure 1A (page 282), once the muscle has shortened
from the lengthened position there is a large recovery of the H-reflex amplitude in the
absence of spindle discharge. Although these recordings were made in cat muscle, and
muscle spindle activity was not recorded in the present study, it is postulated that during
the shortening actions the muscle spindles were silent, allowing recovery of
neurotransmitters that may have been depleted during the previous lengthened position.
This recovery, however, does not explain the observed increase in reflex amplitude
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above the isometric level. It is possible that, in the present study, isometric trials were
associated with a tonic firing of muscle spindles that may have elicited homosynaptic
post-activation depression and, consequently, reduced the isometric H-reflex amplitude.

However, it is unlikely that the firing rate of this tonic activation (approximately 2 to 4
Hz Wilson et al, 1995) would be sufficient to elicit homosynaptic post-activation
depression as such a mechanism would surely hinder the transmission of sensory
information in Ia-afferents during normal daily tasks.

When the latencies from movement onset to stimulation were altered, H-reflexes during
passive shortening actions were not significantly different from the isometric H-reflex
amplitude. Even at the longest latency, 165 ms, there is sufficient time for higher motor
centres to influence motoneurone excitability, although there may not have been
sufficient time to allow a complete recovery from previous spindle discharge.

It was interesting to note in the present study that the SOL and MG muscles, which have
distinctly different fibre type compositions, showed similar patterns of H-reflex
modulation. Moritani et al. (1990) demonstrated differences in modulation of reflex
responses in SOL and MG during a functional hopping movement. However, as the
movements performed in the present study were not considered functional tasks, it is
less likely to find significant differences in H-reflex modulation between the two
muscles. During functional movements Ia-afferents can discharge at very high
frequencies and the resultant EPSP has been shown to depend on the properties of the
motoneurone (Koerber & Mendell, 1991). Changes in EPSP amplitude have also been
shown to vary depending upon the pattern of stimulation, which reflects a taskdependent distribution of synaptic input to the motoneurone (Koerber & Mendell,
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1991). These findings may account for some ofthe discrepancy between SOL H-reflex
amplitude and underlying activation during phases of the gait cycle (see Section
2.5.3.2).

Differences in reflex modulation between SOL and MG may also be related to the Iaafferent-motoneurone connection. It is suggested that Ia-afferents predominantly
depolarise slow twitch, low threshold motoneurones (Messina & Cotrufo, 1976). The
predominance of these motoneurones in SOL would explain the larger Hmax:Mmax ratio
recorded from SOL than from MG in the present study (see Section 5.3.1). Despite their
different magnitudes, the Hmax:Mmax ratios of both SOL and MG were modulated in the
same manner during active and passive lengthening and shortening actions. This
suggests the H-reflex modulation was not related to muscle composition or motor unit
recruitment order. However, it must also be noted that during the 50% Hmax condition,
the relative stimulus intensities were different for both SOL and MG (see Section 5.2.4).

As indicated by Crone et al. (1990), the susceptibility to facilitation or inhibition varie
depending upon the size of the control reflex, with smaller reflexes being more
susceptible to inhibitory influences than larger reflexes. Therefore, differences in Hreflex modulation in each muscle due to Ia-afferent-motoneurone connections may be
obscured by the effect of different stimulus intensities.

5.3.6 Possible Inhibitory Mechanisms
Just as the reflex response to a given stimulus is influenced by the composition and
mechanical characteristics of the homonymous muscle, several neural mechanisms are
also known to influence motor output in response to sensory stimuli. Mechanisms
involving presynaptic inhibition (either centrally or peripherally induced), homosynaptic
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post-activation depression, reciprocal inhibition from antagonist activation, Group-lb
afferents, Group-II afferents, cutaneous mechanoreceptors, as well as plateau potentials
have all been implicated in modulating reflex responses.

Although reflex pathways from Group-II afferents in the cat are known to produce
excitation of flexor muscles and inhibition of extensors, the effects are less obvious in
humans (see Rothwell, 1994). It is likely that these afferent pathways produce
inhibition of extensor muscles, however, the interpretation of these experiments are
complicated by the large number of non-muscle afferent nerve fibres that have
conduction velocities within the Group-II range. However, Group-II muscle afferents are
predominantly regarded as indicators of static length changes (Matthews, 1964), and
therefore, the influence of muscle spindle discharge on reflex modulation in the present
study was considered to arise from predominantly Ia-afferents.

Golgi tendon organs are known to inhibit motoneurones of synergist muscles via a disynaptic lb pathway. However, the influence of Ib-afferents was not considered to be
the likely cause of reflex modulation in the present study as, although Ib-afferents are
sensitive to very small changes in muscle tension (Houk & Henneman, 1967), they are
more influential during active muscle actions than when the movement is performed
passively (Burg et al, 1973).

It is possible that afferent responses from cutaneous mechanoreceptors and joint
receptors may influence the resultant H-reflex amplitude. However, Hultborn et al.
(1996) applied a tourniquet at their subjects' ankles, thereby inducing an ischaemic
block of these sensory inputs without altering the reflex depression following passive
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dorsiflexion. W h e n the tourniquet was applied just distal to the knee, reflex depression
was abolished and the origin of reflex inhibition was attributed to the large diameter Iaafferents located between the ankle and knee. Based on these findings, cutaneous
mechanoreceptors and joint receptors were not considered to be responsible for the
reflex inhibition seen in the present study.

The fact that H-reflex amplitudes during passive lengthening actions were significantly
less than the isometric H-reflex amplitude when the latency from movement onset to
stimulation was at its shortest (57 ms) indicates that inhibition ofthe H-reflex amplitude
can occur in the absence of supraspinal influences. However, reflex modulation at a
latency of 57 ms was not consistent, with H-reflexes being facilitated in some subjects
while inhibited in others (see Figure 5.8). The unpredictable nature of this modulation
would not appear to reflect a centrally controlled functional reflex modulation, at least at

latencies as short as 57 ms, and as such, is most likely influenced by the variability of laafferent activity generated from the muscle spindles.

Although some subjects displayed considerably more stretch induced EMG activity than
others, the amplitude of stretch reflexes and H-reflexes varied substantially both
between and within subjects. This variability may reflect differences in muscle spindle
output or the susceptibility ofthe motoneurone pool to la input. Muscle spindle output
is influenced by factors such as muscle stiffness, gamma drive as well as thixotropic
effects on both intrafusal and extrafusal muscle fibres (Proske et al, 1993). Small
plantar flexor efforts were performed before the start of each passive movement in an
attempt to minimise any thixotropic influences on spindle discharge (see Section 5.2.2).
However, differences in muscle stiffness and gamma drive were not evaluated in the
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present study and m a y account for some of the differences in muscle spindle output. A s
this study utilised passive movements and subjects were unaware ofthe direction ofthe
following movement, excitability of the motoneurone pool was not considered to be
altered by higher motor centres. Differences in the susceptibility of motoneurones to la
input cannot, however, be excluded as an explanation for the observed variations in
stretch reflex responses.

Depending on the timing of transmission within the Ia-afferents, muscle spindle
discharge may either inhibit or facilitate H-reflex responses. Modulation ofthe H-reflex
by submaximal stimulation of homonymous Ia-afferents has been reported by
Fukushima et al. (1982). A conditioning stimulus at an intensity sub-threshold for the
H-reflex produced short-latency inhibition ofthe test H-reflex between conditioning-test

intervals of 1.5 to 3.0 ms, which was attributed to the refractoriness of la-afferent fibres
Subsequently, the H-reflex was facilitated up to 15 ms as a result of temporal
summation of EPSPs at the motoneurone pool. Therefore, depending on the temporal
relationship between the discharge from muscle spindle afferents and delivery ofthe Hreflex stimulus, the H-reflex recorded at the shortest latency during passive lengthening

actions may have been inhibited due to refractory Ia-afferents or facilitated as a result of
EPSP summation at the motoneurone pool.

Interestingly, at latencies longer than 57 ms, H-reflexes were strongly inhibited, even
though the muscle spindle discharge was not sufficient to elicit stretch reflexes. It is
possible that, despite the weaker strength ofthe spindle output, the longer time frame
over which the muscle was lengthening resulted in a greater total release of
neurotransmitter from the presynaptic terminal and, hence, a greater influence of
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homosynaptic post-activation depression. However, even a latency of 165 ms seems
very short for neurotransmitter depletion and one must question the functional
significance of such an inhibitory mechanism. Alternatively, when assessing reflex
amplitudes at longer latencies the influence of higher motor centres cannot be ruled out.
It is possible that the strong inhibition seen at these latencies was a result of centrally
peripherally induced presynaptic inhibition.

In the present study each subject's plantar flexor muscles were lengthened
simultaneously. Therefore, the influence of presynaptic inhibition arising from
heteronymous Ia-afferents cannot be ignored (Barnes & Pompeiano, 1970; Brooke et al,
1995a). Inhibition ofthe MG monosynaptic reflex induced by sinusoidal changes in the
length (vibration) of the lateral gastrocnemius-soleus in cats was reported by Barnes &
Pompeiano (1970). This reflex depression was attributed to primary afferent
depolarisation as indicated by dorsal root potentials recorded in MG la fibres. However,
depression of the monosynaptic reflex only became evident once the vibration was
removed. During vibration, this inhibition was overshadowed by a strong facilitation of
Ia-afferents also induced by lateral gastrocnemius-soleus vibration. Therefore, although
presynaptic inhibition from heteronymous Ia-afferents may have occurred during
lengthening actions in the present study, it is possible for this inhibition to be
overshadowed by temporal facilitation of EPSPs at the motoneurone pool.

Given the complexity of neural inputs projecting onto the motoneurone pool, it is
difficult to identify one neural mechanism responsible for reflex modulation. It is likely
that the resultant reflex amplitude reflects the integration of several influential neural
mechanisms and no single mechanism can fully account for the observed reflex
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modulation. For example, based on the time course of reflex recovery, Voigt & Sinkjaer
(1998) suggested that reflex inhibition during lengthening actions was the result ofthe
quickly recovering presynaptic inhibition (approximately 500 ms) and the longer lasting
homosynaptic post-activation depression (approximately 4 s). Furthermore, it is likely
that the predominant mechanism responsible for reflex modulation varies depending
upon the demands of the task and caution must be taken when interpreting the reflex
modulation evident during different functional tasks.

In the study of Schneider et al. (2000) H-reflex inhibition was closely associated with
activation of the antagonist, TA, and the authors suggested that the reflex modulation
was predominantly regulated by centrally produced reciprocal inhibition. Although TA
activation is known to have a strong inhibitory influence on the SOL H-reflex (Crone et
al, 1987), Yang & Whelan (1993) have shown that depression of the SOL H-reflex
during gait can occur in the absence of TA activation. In the present study no activity
from TA was detected in any trials in which TA activation was recorded. However, it is
possible that TA Ia-afferents were activated during passive plantar flexion movements,
particularly at the faster velocities. Afferent activity from TA muscle spindles, although
insufficient to elicit a stretch reflex response, would have an inhibitory influence on the
plantar flexor motoneurones via la inhibitory intemeurones. The potential for such
reciprocal inhibition may explain why H-reflexes at the faster shortening velocities were

significantly less than the slower shortening velocity (see Figure 5.6), although it cannot
account for the facilitation ofthe H-reflex during shortening actions when compared to
the isometric H-reflex.
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5.4 Summary
The data from Study III have shown that H-reflexes in both SOL and MG are influenced
by angular velocity and muscle action type during active and passive movements. Hreflex amplitudes were significantly depressed during passive lengthening actions and
facilitated during shortening actions, when compared to the isometric H-reflex
amplitude. It was confirmed that H-reflex modulation during controlled lengthening
and shortening actions was not related to alterations in the spatial relationship between
the stimulating electrode and nerve, suggesting that neural mechanisms were responsible
for the reflex modulation. Furthermore, it was shown that reflex modulation could
occur at a latency less than 60 ms, indicating that at least part of this modulation is of
peripheral origin.

The short-latency depression of the H-reflex during lengthening SOL actions has been
documented by others. However, a similar modulation in the functionally different MG
had not previously been reported. Despite the difference in muscle composition
between SOL and MG, H-reflexes in these muscles were modulated in a similar manner
during lengthening and shortening actions. Differences in H-reflex modulation between
these two muscles may become apparent in more functional tasks than the task
employed in the present study. Further research, therefore, is recommended to
investigate this question.

A similar pattern of reflex modulation occurred when lengthening and shortening
actions were performed while maintaining a constant voluntary plantar flexion torque.
Although the pattern of modulation was similar, the magnitude of modulation was much
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smaller in the active condition. The reflex depression during lengthening actions has
been associated with muscle spindle firing and the associated homosynaptic postactivation depression. Therefore, it is postulated that the decrease in reflex modulation
during active muscle actions reflects an alteration in muscle spindle firing under this
condition, likely due to activation of intrafusal muscle fibres.

H-reflex modulation was found to occur within 60 ms of the onset of movement, which
suggests that this phenomenon was due to peripheral and/or spinal mechanisms, such as
homosynaptic post-activation depression. Furthermore, it appears that the dramatic
depression of H-reflex amplitude during lengthening actions may be overcome as some
subjects displayed a pronounced stretch reflex during rapid lengthening actions. It is
suggested that the reflex depression may prevent the saturation ofthe motoneurone pool
with unnecessary la input, thus allowing controlled lengthening actions to be performed.
However, this depression may be overcome when la input becomes crucial, such as
during rapid, unexpected lengthening actions.
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CHAPTER 6: Synopsis
Although the mechanical and neural characteristics of dynamic muscle actions have
been widely examined, little is known about the mechanisms of tension regulation
during dynamic muscle actions. Lengthening muscle actions differ in many aspects
from shortening and isometric actions. For example, muscle lengthening is associated
with greater maximal force and greater force output for a given level of muscle
activation, as well as greater mechanical and metabolic efficiency. These characteristics
may explain the increased muscle damage that occurs following lengthening muscle
actions. Therefore, the aims of this thesis were to investigate possible tension regulating
mechanisms and the neural characteristics associated with lengthening and shortening
muscle actions. In particular, three studies were conducted to investigate: (i) tension
regulation during controlled lengthening and shortening actions of the human soleus
muscle; (ii) the role of antagonist co-activation as a tension-limiting mechanism during
lengthening muscle actions; and (iii) H-reflex modulation during controlled lengthening
and shortening actions ofthe human triceps surae.

As the force-velocity relationship of skeletal muscle is known to differ for lengthening
and shortening actions, this model was incorporated into the experimental design of
these studies in an attempt to elucidate the differences between lengthening and
shortening actions in relation to these mechanical and neural characteristics. All
experiments were conducted on the triceps surae using a custom built ankle torque
motor to accurately control angular displacement, velocity and acceleration during
lengthening, shortening and isometric muscle actions. The resultant joint torque and
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E M G activity of S O L , M G and T A were recorded during isometric and slow velocity
(±5 to ±30°-s"1) movements.

Investigation of the joint torque-angular velocity relationship in humans has led to the
postulation of a neural mechanism limiting complete muscle activation during maximal
voluntary lengthening (Westing et al, 1991) and slow shortening muscle actions
(Perrine & Edgerton, 1978). The proposed functional role of this tension-limiting
mechanism is to maintain force production to within 'safe' levels thereby protecting
against musculoskeletal injury. Although this theory has commonly been referred to in
the literature, the existence of a tension-limiting neural mechanism is yet to be proven.
Therefore, the aim of Study I was to examine the characteristics of tension regulation
during controlled lengthening and shortening muscle actions under a number of
activation conditions. In particular, the influence of activation intensity, that is,
maximal voluntary activation (MVA) versus submaximal voluntary activation (SVA)
and activation type, that is, SVA versus submaximal electrical activation (SEA), on the
joint torque-angular velocity relationship were examined.

The plantar flexion torque produced during shortening muscle actions, while
significantly less than the isometric value, did not decrease as angular velocity
increased, as would be expected based on the traditional force-velocity relationship.

This result is likely to be related to the slow angular velocities used in this study (±5°-s
to ±30°-s"1), as similar findings have been reported for the knee extensor muscles when
tested over a similar range of velocities (Seger & Thorstensson, 2000). This deviation
from the traditional force-velocity relationship may be interpreted in relation to the need
to maintain mechanical stability ofthe contractile apparatus during high tension loading
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condition as discussed by E d m a n (1988). Not surprisingly, the joint torque produced at
submaximal intensities (SVA and SEA; 30% of maximal voluntary effort) decreased
with increasing angular velocities, which suggests that the flattening ofthe joint torqueangular velocity relationship for shortening actions may be a function of activation
intensity.

The plantar flexion torques produced during lengthening muscle actions in the MVA
condition did not differ significantly from the isometric value and were not influenced
by angular velocity. This finding is consistent with that of other studies investigating
the joint torque-angular velocity relationship in humans (Aagaard et al, 1995; Aagaard
et al, 1996; Dudley et al, 1990; Hageman et al, 1988; Seger & Thorstensson, 2000;
Westing & Seger, 1989). However, it was surprising to see that normalised torques
produced at SVA condition were not significantly different from the MVA condition
during lengthening muscle actions. The lengthening torque produced under submaximal
electrical activation, however, was significantly greater than the isometric value and

increased at the faster test velocities. As the intensity of activation in the SEA condition
was the same as that for the SVA trials (that is, 30% of maximal voluntary effort), the
difference in tension regulation between these two conditions cannot be explained by
activation intensity and was likely a consequence of the type of muscle activation.
Differences in tension regulation between voluntary muscle activation and electrical
stimulation ofthe muscle may indicate a neural basis for the regulation of tension during
lengthening muscle actions. However, unusually high levels of antagonist activation
were recorded during lengthening trials in the SVA condition, which may account for
the inhibition of lengthening torque during submaximal voluntary activation.
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Study II was designed to determine if co-activation ofthe antagonist muscle, TA, was a
tension limiting mechanism during submaximal voluntary lengthening actions of the
SOL. Although many studies have investigated the role of antagonist activation during
dynamic muscle actions, methodological factors associated with these experiments have
limited the ability to accurately quantify the contribution of antagonist activation to
resultant plantar flexion torque. In this study, activation ofthe antagonist muscle, TA,
was blocked by applying an anaesthetic (Lidocaine) to the CPN, thereby avoiding some
of the limiting methodological issues and enabling a more accurate assessment of the
force-velocity characteristics of an isolated, intact human muscle.

The joint torque-angular velocity relationship for SOL was assessed before and after
blocking TA activation. There was no significant difference in the normalised joint
torque-angular velocity relationship between the pre- and post-block conditions.
However, the absolute plantar flexion torque produced after blocking TA was
significantly less than that of the pre-block condition. This finding was surprising, as it
was expected that removing antagonist activation would increase the resultant plantar
flexion torque. However, anaesthetic block of the CPN was likely to remove not only
TA activation, but also activation of peroneus longus and peroneus brevis, muscles that
contribute to plantar flexion torque. Although this may partly explain the decrease in
resultant plantar flexion, it is unlikely to account for all of the force loss as the
contribution to plantar flexion torque of all muscles other than the triceps surae is
estimated to be approximately 10%. Due to the extensive neural connections between
these functional antagonist muscles, TA and SOL, it is likely that anaesthetic block of
the CPN disrupted the 'normal' neural processes associated with voluntary muscle
activation, which may have influenced the resultant plantar flexion torque. Regardless
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of the mechanism underlying the reduction in plantar flexion torque following block of
the CPN, the findings of Study II indicate that co-activation of the antagonist muscle,
TA, cannot account for the apparent inhibition of lengthening force during submaximal
voluntary plantar flexion actions.

From Study I it has been shown that the joint torque-angular velocity characteristics of
lengthening muscle actions are influenced, to a large extent, by the way in which the
muscle is activated. Furthermore, it has been shown in Study II that the similarities in
the lengthening joint torque-angular velocity relationship between maximal and
submaximal voluntary activation conditions cannot be accounted for by co-activation of
antagonist muscle. During shortening actions, however, the joint torque-angular
velocity relationship was predominantly influenced by the intensity of activation rather
than the type of activation. These findings again highlight the differences between
shortening and lengthening muscle actions. These differences may reflect unique
aspects ofthe neural events occurring during lengthening and shortening muscle actions.
Therefore, Study III used the H-reflex technique to investigate the neural aspects of
lengthening and shortening muscle actions. H-reflexes were recorded from SOL and
MG during slow velocity (0, ±2, ±5, and ±15°-s"1) lengthening, shortening and isometric
actions ofthe triceps surae. H-reflex modulation was compared between muscle action
type (lengthening versus shortening) and between angular velocities within each muscle
action type. Furthermore, H-reflexes were examined at various latencies from the onset
of movement in an attempt to identify the likely origin ofthe neural events associated
with H-reflex modulation. Additionally, a stringent protocol was developed to ensure
that any modulation ofthe H-reflex was not due to the stimulation-recording protocol.
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At a stimulation intensity of 50% of the maximum H-reflex amplitude (50% Hmax) the
amplitude ofthe H-reflex was significantly depressed during passive lengthening actions
when compared to isometric and shortening actions. This inhibition was quite dramatic
as H-reflex amplitude decreased to approximately 33% of the isometric H-reflex
amplitude at the slowest angular velocity and was almost completely abolished at the
fastest velocity. Furthermore, there was evidence of velocity-specific reflex modulation
as H-reflexes during lengthening actions were significantly more depressed at the faster
velocities. During shortening muscle actions, however, H-reflex amplitudes were
significantly greater than in the isometric condition and H-reflexes at the slowest
angular velocity were significantly greater than those at the faster velocities.

The results of the present study are consistent with the current literature pertaining to
reflex modulation during passive lengthening actions. To determine if H-reflex
modulation was influenced by spatial alterations between the stimulating electrode and
the nerve, a second series of experiments were performed in which the stimulation
intensity was increased to 50% of the maximum M-wave amplitude (50% Mmax). At
this position on the recruitment curve, the amplitude ofthe M-wave is sensitive to small
changes in stimulation intensity and, therefore, a change in the spatial relationship
between the tibial nerve and the stimulating electrode can be identified easily. The
consistent M-wave amplitudes recorded at this stimulation intensity confirmed that
reflex modulation during lengthening and shortening muscle actions was not due to
alterations in the spatial relationship between the stimulating electrode and the nerve.

To investigate the potential origin of this reflex modulation H-reflexes were recorded at
various short latencies following the onset of movement. The latency at which the
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stimuli were delivered (42, 75, and 150 ms) was altered by adjusting the angular
velocity (±7, ±15, and ±30°-s"1) while maintaining a constant angular displacement (1°)
so that the H-reflex was always assessed at a constant muscle length. It was argued that
H-reflex modulation at the shortest latency (42 ms) must be attributed to
peripheral/spinal mechanisms, as there was insufficient time for input from higher motor
centres to influence the H-reflex amplitude.

H-reflexes recorded during lengthening actions at each latency were significantly less
than that in the isometric condition, however, the H-reflex amplitude at the shortest

latency was significantly greater, or not inhibited to the same extent, as those for the two
longer latencies. These findings indicate that peripheral/spinal mechanisms can
contribute to the H-reflex modulation during passive muscle actions. However, it is
unlikely that these mechanisms can fully account for the reflex modulation as the Hreflex amplitude was inhibited to a greater extent when recorded at longer latencies.
Similar short-latency reflex modulation has been reported during passive cycling
movements in normal and spinal cord injured subjects supporting the notion of a
peripheral/spinal contribution to H-reflex modulation (Brooke et al, 1995b).

6.1 Conclusions
In an attempt to gain further insight into the characteristics of dynamic muscle actions,
this thesis has examined mechanical and neural aspects of lengthening and shortening
muscle actions. It has been shown that the mechanisms of tension regulation differ for
lengthening and shortening muscle actions. Antagonist activation was found not to be a
major limiting factor to plantar flexion torque production during submaximal
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lengthening actions. However, it does appear that co-activation of antagonist muscles is
important for maintaining joint stability during these movements. Furthermore, Hreflex modulation was shown to differ for lengthening and shortening muscle actions
and, although part of this modulation may be attributed to peripheral/spinal
mechanisms, it is likely that input from higher motor centres also contribute to this
modulation. These findings extend our current knowledge pertaining to the disparities
between lengthening and shortening muscle actions and allude to unique mechanical and
neural characteristic differences associated with these muscle actions.

6.2 Directions for Future Research
Despite extensive reference to the existence of a tension limiting mechanism during
voluntary muscle activation, the existence of this mechanism is yet to be proven.
Although this thesis has advanced the current understanding of tension regulation during
dynamics muscle actions, additional research is required to establish the nature of this
potential inhibitory mechanism. In particular, this thesis has revealed the following
issues that require further research:
1. Due to limitations ofthe experimental design, particularly the requirements of
maintaining constant muscle activation (Study I and Study II) and the sensitivity
of H-reflex measurements (Study III), dynamic muscle actions in these
experiments were restricted to slow angular velocities (0 to ±30°-s"). These
slow angular velocities represent only a small range of the functional angular
velocities of the ankle joint. A greater understanding of tension regulation
during dynamic muscle actions may be achieved by examining the joint torqueangular velocity relationship over a greater range of angular velocities.
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2. In Study II the resultant plantarflexiontorque decreased after blocking the nerve
innervating the antagonist muscle, TA. This finding was unexpected and eluded
to the complex neural interaction between antagonist and possibly synergist
muscles. Although anaesthetic block, of peripheral nerves is often used to
eliminate voluntary activation of a muscle, the implications of this disruption to
'normal' neural interactions have not been extensively examined. The influence
of nerve blocks on known neural pathway between antagonist muscles (such as
reciprocal inhibition) and between synergistic muscles (for example, la
facilitation of synergist motoneurones) needs to be examined before the
interpretation of studies employing this technique can be fully appreciated.
3. In Study III, H-reflexes were assessed at different latencies from the onset of
movement to determine the origin of reflex modulation. Movements were
recorded at a constant muscle length (after 1° of plantar or dorsiflexion) and the
latency was varied by altering angular velocity. The latency at which H-reflexes
were assessed can also be modulated by maintaining a constant angular velocity
and altering the angular displacement before the stimulus is delivered. Due to
limitations of the experimental apparatus used in this thesis, the minimal step
increments in angular displacement were larger than that which would enable
investigation of short-latency (that is, less than 60 ms) H-reflex modulation.
However, as muscle spindle discharge is velocity specific and may account, in
part, for the H-reflex modulation seen in the present study, short-latency Hreflex modulation should be investigated while accounting for variations in
muscle spindle discharge.
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